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ABSTRACT 
Annually over 200,000 surgeries are attempted to repair peripheral nerve damage (Med. 
Dev., 1985). Without these surgeries, peripheral nerve transections have little hope of 
reinnervating the effector organ and becoming fully functional if the nerve endings are 
separated by a centimeter or more. Currently, transections are repaired with nerve autografts 
removed from one part of the body to repair the injured site. Autografting causes 
deinnervation of the donor site and tissue availability is limited. 
An alternative nerve repair method to grafting is an entubulization method where a 
conduit is used to connect the nerve endings. The conduit allows for chemical 
communications between the nerve stumps and also provides physical guidance for the 
regenerating neurites. By using a conduit to engineer an artificial environment that mimics 
the physical and chemical stimulus that promotes peripheral nerve regeneration, faster and 
more direct regeneration may be possible. 
The purpose of this project was to investigate cellular activities that direct and guide 
peripheral nerve outgrowth in vitro. Micro and nanopattemed biodegradable polymer films 
of poly(DL-lactide) and poly(lactide-co-glycolide) were fabricated to provide physical 
guidance. The patterned surface was chemically modified with laminin to contribute 
neurotrophic factors and then seeded Schwann cells, which furnish biological cues. 
The results show that Schwann cells and dissociated dorsal root ganglia (DRG) seeded 
separately on laminin coated micropattemed films of 10 |im groove width by 10 pm or 20 
|im groove spacing align well due to the effects of the physical and chemical guidance 
mechanisms. The Schwann cells experienced 100% alignment on substrates with groove 
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depths ranging from 1.5 to 3.3 nm and dissociated DRG aligned 77± 3% on 3 |im deep 
patterns and 92± 3% on groove depths of 4 pm. The laminin adsorption caused 8 times more 
Schwann cells and 5 times more dissociated DRG adhere to the films and the neurites had the 
added benefit of 3 times more outgrowth. 
When simultaneously combining the physical effects of the grooves, the chemical 
influence of the laminin and biological enhancements from the Schwann cells, the synergistic 
effects caused the DRG to grow along the direction of the grooves at an accelerated rate. 
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1. INTRODUCTION 
Over 200,000 surgeries to repair peripheral nerve damage are attempted every year 
(Med. Dev., 1985). Without these surgeries, peripheral nerve transections have little hope of 
reinnervating the effector organ and becoming fully functional if the nerve endings are 
separated by a centimeter or more. Currently, transections are repaired with nerve autografts 
in which a segment of nerve is removed from one part of the body to repair the injured site. 
Autografting causes deinnervation of the donor site and there is also limited availability of 
tissue. 
The problems associated with nerve autografting have led researchers to study 
alternative methods to engineer an artificial environment that mimics the physical and 
chemical stimulus that promotes peripheral nerve regeneration. Entubulization methods 
where a conduit is used to connect the nerve endings has great potential as a repair method. 
The conduit allows for neurotropic and neurotrophic communication between the nerve 
stumps and also provides physical guidance for the regenerating neurites similar to the 
endoneural tubes remaining after Wallerian degeneration. 
The purpose of this project was to investigate physical, chemical and biological 
mechanisms that direct and guide peripheral nerve outgrowth in vitro. This was 
accomplished by fabricating micro and nanopattemed biodegradable polymer films to 
provide physical guidance, neurotrophic factors as chemical cues and employing Schwann 
cells for biological enhancement. By studying regenerative neurergic cell behavior in vitro, 
insights gained may lead to the fabrication of a nerve regeneration conduit to promote the 
fastest and most direct reinnervation of a transected peripheral nerve. 
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2. LITERATURE REVIEW 
2.1 Background 
2.1.1 The mammalian peripheral nervous system 
The peripheral nervous system (PNS) is composed of all of the neural tissue outside 
of the central nervous system. The PNS uses bundles of nerve fibers called axons to deliver 
sensory information to the central nervous system and convey motor commands to periphery 
The two distinct classes of cells in the nervous system are nerve cells and neuroglial 
cells. Neurons generate active electrical signals that carry and/or process information. Glial 
cells function with neurons to provide support elements, remove debris, provide myelin, 
guide migration, supply nutrients and buffer, and remove chemical transmitters (Kandel and 
Schwartz, 1985). 
Peripheral neurons are composed of a cell body, neurite and growth cone (Figure 2-
1). Neurite outgrowth is guided by the growth cone which uses environmental cues, both 
S 
Figure 2-1 - Neurite outgrowth from a dissociated dorsal root ganglion cell. 
The neurite has encountered two Schwann cells. 
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physical and chemical, to reach the effector organ (Buettner, 1996). The physical guidance 
of the neuron is dependent on the adhesive interaction of the growth cone and the 
extracellular matrix (ECM). Trophic factors are bound to the ECM and function as chemical 
cues to the growth cone of the elongating axon (Gilmore and Sims, 1995). 
Afferent axons carry information from the receptors toward the central nervous 
system and efferent axons carry information away from the brain or spinal cord. The cell 
bodies of the afferent axons are in clusters called dorsal root ganglia (DRG) (Kandel et al., 
1995). The DRG lie adjacent to the spinal cord between the vertebrae (Figure 2-2). The 
cells within the DRG have rounded cell bodies with a single process that bifurcates into two 
separate branches. One branch goes to the spinal nerve with sensory and motor axons that 
innervates the receptor organ and the other branch passes through the dorsal root into the 
spinal cord (Kandel and Schwartz, 1985). 
Figure 2-2 - Efferent axons from the ventral root unite with afferent axons from 
the dorsal root to form the spinal nerve (Kandel and Schwartz, 1985). 
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The glial cells of the PNS are Schwann cells which are essential for nerve 
development and function. Schwann cells provide housing for the axons by forming a border 
between the axons and surrounding connective tissue. They also respond to nerve injury 
helping to remove cellular debris, facilitating remyelination and promoting nerve fiber 
regeneration (Bunge and Fernandez-Val le, 1995). 
Schwann cells have two phenotypes: ensheathing and myelinating. These 
phenotypes are governed by axonal influences derived from cell-cell contact that affects the 
organization of cytoskeletal components of the Schwann cell (Bunge and Fernandez-Val le, 
1995). Most ensheathing Schwann cells are associated with unmyelinated afferent axons of 
dorsal root ganglion neurons and some unmyelinated efferent axons. These axons have 
diameters from 0.4 to 1.0 Jim. Myelinating Schwann cells are associated with axons with 
diameters from 1 to 15 ^m (Junqueiraet al., 1983). The cytoplasm of the myelinating 
Schwann cell wraps around the axon uniting the membrane layers to form a lipoprotein 
complex called myelin. Myelin acts like an insulator for the axon to decrease the conduction 
time of nerve impulses. 
Glial growth factors are expressed in spinal cord neurons and neurons of the DRG 
when the axons grow into the developing periphery. This coincides with a highly increased 
mitosis rate of Schwann cells in peripheral nerves. Epidermal growth factor also stimulates 
the proliferation of Schwann cells (Weisenhorn et al., 1999) which originate from the 
ectoderm of the neural crest (Kleitman and Bunge, 1995). The extracellular space of the 
neuron is an effective conduit for both neurons and glia to release substances (Sendtner, 
1995). 
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Nerve growth factor (NGF) is a target derived diffusible substance that is necessary 
for the development and maintenance of sensory neurons (Gilmore and Sims, 1995). NGF is 
synthesized and released by Schwann cells and then taken up and carried by fast retrograde 
axonal transport to the cell body. NGF is a protein containing three subunits: alpha, beta and 
gamma. The beta subunit is responsible for the biological activity of nerve cells. NGF-P like 
insulin has a similar amino acid sequence that enhances growth (Kandel and Schwartz, 
1985). 
Schwann cells modify their surroundings by synthesizing and secreting ECM 
components. These components organize into basal lamina creating flexible thin mats 
surrounding mature Schwann-axon units. Laminin, a large (-850,000 daltons), 
noncollagenous multidomain glycoprotein composed of three polypeptides (Ai, Bt and 8%), 
is one ECM component that is continuously synthesized by Schwann cells to mediate 
interactions between ECM and other cells (Alberts et al., 1994). The ECM and its 
components cause neurite elongation during development and regeneration (Gundersen, 
1987; Bunge, 1993) and laminin molecules can self-assemble into felt-like sheets in vitro 
(Alberts et al., 1994). 
2.1.2 Nerve degeneration and regeneration 
When an axon is transected, Wallerian degeneration occurs distal to the injury where 
the axons and myelin completely degenerate leaving the neurilemma which forms a tube that 
directs the axon regrowth in the reparative phase. The proximal segment of the axon initially 
degenerates near the wound site (retrograde degeneration) and then starts to grow after the 
debris is removed by Schwann cells and macrophages (Goodrum and Bouldin, 1996). This 
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regrowth occurs because the proximal segment maintains its continuity with the neuron cell 
body. Since the distal portion of the axon is separated from the cell body, it degenerates 
completely. The axons and their myelin sheath are consumed by tissue macrophages and 
Schwann cells (Figure 2-3) but the neurilemma remains forming natural conduits (Tortora, 
1992). As the myelin degenerates, the Schwann cells are left to await the arrival of the 
regenerating neurons and assist in axonal regrowth (Kandel and Schwartz, 1985). 
While these changes are occurring, Schwann cells dedifferentiate and proliferate 
within the remaining connective tissue due to neuron-derived mitogens (Tortora, 1992; 
Sendtner, 1995). The Schwann cells align into rows that act as guides to sprouting axons 
(Figure 2-4). Two proteins expressed during Wallerian degeneration are NGF and laminin, 
which help to guide neurites (Tonge et al., 1997; Stoll and Muller, 1999). All Schwann cells 
on the distal side of the transection reveal NGF receptors that bind NGF to the Schwann cell 
surface where it can exert both trophic and tropic influences on the elongating neurites 
(Gilmore and Sims, 1995). Although Schwann cells are quiescent in vitro and in the mature 
nerve, sensory neuron contact stimulates proliferation (Wood and Bunge, 1975) as 
regenerating axons drive Schwann cell mitosis in vivo (Pellegrino and Spencer, 1985). 
Regeneration is only functionally effective when the axons find the Schwann cell 
columns and eventually reinnervate the effector organ. When there is a gap between the 
proximal and distal segments, the regenerating axons may form a bulbous mass called a 
neurolemoma. Even when the transected segments are in close proximity, functional 
regeneration is not probable without the use of a nerve regeneration mechanism (Ducker, 
1980). 
Proximal Transection Distal 
Schwann 
cell Macrophages 
Connective tissue 
conduit 
Schwann cells 
Figure 2-3 - After a transection, the axonal tissue and myelin distal to the injury completely degenerates. 
The axons on the proximal side are attached to Che cell body and therefore can regenerate under proper 
conditions. 
Proximal Transection Distal 
Axon 
Neurite growth 
cone 
Schwann 
cell Macrophages 
Connective tissue 
conduit 
\ 
Schwann cells with NGF 
receptors 
00 
Figure 2-4 - Neurites regenerate from the proximal stump into the endoneural tubes of the distal stump. 
NGF receptors on the Schwann cells are present until the neurite contacts the Schwann cell providing a 
succession of neurotropic factors that guide the neurite. 
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2.2 Peripheral Nerve Repair Techniques 
After injury, peripheral nerves of adult mammals have the capability to regenerate 
functional connections if they have proper complex humoral, extracellular and cellular 
environments. When a peripheral nerve is transected and tissue is lost preventing an end-to-
end repair, the most common repair techniques are grafting and entubulization. Both 
methods connect the proximal and distal segments of the transected nerve with a conduit 
allowing for chemical transmissions to and physical guidance of the regenerating neurons. 
2.2.1 Grafting methods 
Grafting methods include autografts and allografts. A nerve autograft is a nerve 
transferred from one part of the body to another. The natural tissue of the graft provides 
endoneural tubes to guide regenerating axons (Ide et al., 1983; Wang et al., 1992; Keeley et 
al., 1993). This procedure partially deinnervates one region to repair the injury site. Nerve 
allografting is the transplantation of nerve tissue from a donor. Problems with this procedure 
include tissue rejection and lack of donor tissue. These problems could eventually be 
minimized by tissue engineered nerve grafts for transplantation that are designed for a 
specific person in unlimited supply. 
2.2.2 Entubulization methods 
Current entubulization repair methods use non-biodegradable and biodegradable 
materials of various gap lengths and chemical fillings. The most common non-biodegradable 
material used is silicone rubber. Medical grade silicone rubber, polydimethyl siloxane, 
maintains its shape and can be filled with neurotrophic factors or ECM components 
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(Williams et al., 1983; Danielsen et al., 1988; Bailey et al., 1993; Woolley et al., 1990). 
Unfortunately, the nerve guide remains in the body and can cause a chronic immune 
response. A second surgery is required after regeneration to prevent secondary nerve injury 
due to compression (den Dunnen et al., 1996). 
Biodegradable materials such as collagen, poly(glycolic acid) and poly(lactic acid) 
have been used to make conduits for entubulization repairs (Nyilas et al., 1983; Madison et 
al., 1987; Valentini et al., 1987; Tong et al., 1994; Hadlock et al., 1998; Dubey et al., 1999). 
These polymers completely degrade in the body eliminating the need for a second surgery. 
One problem with some biodegradable polymers is that they tend to swell and can deform 
causing compression to the regenerating nerve (Henry et al. 1985; den Dunnen et al., 1996). 
As long as swelling of the biodegradable material can be controlled, entubulization 
methods have great potential because they provide a conduit for the physical guidance of 
migrating Schwann cells and regenerating neurons from the proximal stump (Bunge and 
Fernandez-Val le, 1995). These conduits also allow for trophic factors emitted from the distal 
stump to reach the proximal segment, which enhances physiological conditions for neuron 
regeneration (Bunge and Fernandez-Valle, 1995; Sendtner, 1995). The conduits can also be 
environmentally enhanced with chemical stimulants like laminin and NGF, biological cues 
from Schwann cells (Bryan et al., 1996; Hadlock et al., 1998) and physical guidance from 
thin magnetically oriented fibers (collagen - Dubey et al., 1999; fibronectin - Ahmed and 
Brown, 1999). 
Disadvantages of nerve autografting such as deinnervation of the donor region and 
limited supplies of tissue lead researchers to investigate alternative methods for peripheral 
nerve repair. Connecting transected nerves using non-degradable materials as conduits 
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requires a second surgery for implant removal which can damage the regenerated tissue. The 
use of biodegradable conduits eliminates the previously stated disadvantages since this 
artificial graft degrades in the body after the nerve regenerates. 
2 J In vitro Experimentation 
Manipulating neurite outgrowth is essential to reinnervate regenerating neurons. The 
endoneural tubes, remaining after the axon and myelin degenerate, largely determine the 
route of the regenerating axons. Without these channels, the regenerating axons show little 
ability to navigate, which can lead to neurolemoma formation (Fawcett and Keynes, 1990). 
Entubulization methods have the advantage of easy manipulation of the conduit environment 
whereas grafts do not. The neuron growth cone uses remote sensing of discrete cues in its 
environment as a guidance mechanism (Buettner, 1996). 
Successful nerve regeneration requires both physical guidance and chemical 
stimulation. The ability to control neuron outgrowth by creating "intelligent" substrates and 
controlling nerve growth at the cellular level will provide insight and a fundamental 
understanding of the effects of various parameters on neuron growth. Proper placement of 
successive environmental cues can be used to stimulate neurite outgrowth, which provides 
information into the development and function of neurons. In vitro, it appears that growth 
cones have an absolute response to adhesive proteins compared to their probabilistic reaction 
to topography (Clark, 1996). By incorporating both physical and chemical guidance 
mechanisms into the conduit environment, improved regeneration may be obtained. 
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23.1 Physical patterned substrates 
Nerve cells recognize three-dimensional geometric configurations on substrates and 
use these topographical features to align and migrate along the structures (Figure 2-5). The 
degree to which the cells detect and respond to morphology in their environment depends on 
feature magnitude, feature density, cell type and cell-cell interaction (Clark et al., 1987, 
1990). These responses are believed to be probabilistic (Brunette, 1986; Clark, 1996). 
Studies have found that the deeper the groove, the more effective it is in aligning cells 
(Brunette, 1986; Hirono et al., 1988; Clark et al., 1987, 1990). Deeper grooves also reduced 
branching in neurites which can lead to neurilemoma formation (Hirono et al., 1988). 
The spacing of the grooves also plays a role in cell alignment. Clark et al. (1996) 
found that cells and growth cones increase in sensitivity to topography with a decrease in 
distance between grooves. This finding indicates that grooves function by aligning adhesions 
and the more closely the adhesions are packed, the weaker their response (Clark, 1996). 
It has also been observed that different cell types reacted differently depending on the 
pattern and the cell's proximity to other cells (Clark et al., 1990). Cell-cell communications 
changes cell behavior on grooved substrates. 
Neurons recognize the surface materials of culture substrates and grow in areas of 
high permissivity. Substrate material such as Perspex (Clark et al., 1987, 1990; 1996), 
silicon wafer (Brunette, 1986), quartz (Hirono et al., 1988; Kawana, 1996), and silica glass 
(Jimbo et al., 1993) have been successfully used to study the physical guidance responses of 
neurons. These materials are not ideal for implantation due to reasons mentioned earlier. No 
studies have been performed fabricating grooves on biodegradable polymers. Fabricating 
grooves on biodegradable polymers poses a challenge because most patterning techniques 
Figure 2-5 - Physical guidance of neurons on nondegradable substrates of (a & b) poly-L-lysine coated Perspex 
(Clark et al., 1990) and (c) metal oxide (Torimitsu and Kawana, 1990). 
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employ harsh conditions such as high temperature, harsh solvents or high energy beams that 
would accelerate the degradation of the biodegradable polymer. 
23.2 Chemically patterned substrates 
Many studies of growth cone migration on two-dimensional substrates adsorbed with 
proteins in pattern shapes with highly permissive chemicals and less permissive regions have 
been accomplished (Figure 2-6). Several chemical combinations have been used: laminin 
and glass; laminin and denatured laminin; laminin and albumin; laminin and collagen 
(Buettner, 1996); poly(chlorotrifluoroethylene) (PCTFE)/peptide and PCTFEy polyethylene 
glycol (PEG) (Saneinejad and Shoichet, 2000) and ethylenediamine propane (EDA-P) 
(Kleinfeld et al., 1988). In all of these experiments, the growing neurite stayed in the highly 
permissive regions for widely spaced patterns, but crossed less permissive regions for 
narrowly spaced patterns. Neurite guidance on the laminin regions was improved by 
increasing the concentration of laminin (Hammarback et al., 1988). Large changes in 
laminin concentration, however, had little effect on neurite outgrowth (Buettner and Pittman, 
1991). Increased interactions between substrate boundaries and the growth cone did slow 
growth cone migration (Tai and Buettner, 1998). These results suggest that laminin serves as 
a permissive substrate (Lemmon et al., 1992) similar to developing axons that use adhesive 
cell contact between the growth cone and cell adhesion molecules to mediate interactions 
between the cell surface and ECM molecules (Kandel et al., 1995). 
It has not been determined if the laminin patterns exert influence at the level of the 
single neurite. Neurites extending on low adhesive substrates usually adhere to the substrate 
only at the growth cone. This suggests direction and rate of neurite extension is determined 
--0 
DED 
• •• 
Laminin 
î Agarose-Albumin 
I 
LA 
Figure 2-6 - Chemical guidance of neurons on glass substrates coated permissive pathways of (a) EDA-P 
(Kleinfeld et al., 1988) and (b) laminin (Buettner et al., 1994). 
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by adhesive contacts between the growth cone and their environment (Hammarback et al., 
1988) where biopatteming mimics cell-repulsive and cell-adhesive cues (Saneinejad and 
Shoichet, 2000). Hammarback et al. (1988) used various cell types (DRG and fibroblasts) 
and concentrations of laminin on patterned pathways. Findings indicated that guidance is a 
result of specific cell responses and not the nonspecific effects of the protein on cell motility 
and shape. 
2.4 Biodegradable Polymers 
Biocompatibility is the ability of a material to perform with an appropriate host 
response in a specific application (Ratner and Castner, 1997). Synthetic polymers are widely 
used to fabricate medical devices because mechanical properties, durability and functionality 
can be varied to fit specific uses and can be easily modified to change surface properties. 
Most synthetic polymers are nonabsorbable such as polysulfone, polytetrafluoroethylene, 
polyethylene, poly(ether ether ketone) and poly(methyl methacrylate). Absorbable polymers 
(aliphatic polyesters, dimethyl-trimethylene carbonates, poly(orthoesters), polycaprolactone, 
polyhydroxybutyrate, poly(amino acids), poly(anhydrides), cyanoacrylates) and collagens) 
degrade in the body through a biochemical process breaking down organics into simple 
chemicals (Ratner et al., 1996). 
Poly(lactic acid) and poly(glycoiic acid) are two of the most common degradable 
polymers (Figure 2-7) used to fabricate medical implants. These biodegradable polymers 
have unique features that make them ideal for medical use such as controllability of 
mechanical properties, tailoring of degradation rates, and minimal toxicity and immune 
response. 
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Figure 2-7 - (a) Poly(glycolic acid) and (b) Poly(lactic acid). 
The stereopolymer poly(DL-lactide) and copolymer poly(lactide-co-glycolide) are 
biodegradable polymers in the aliphatic polyester family, PDLA and PLGA, respectively 
(Fried, 1995). PDLA and PLGA are excellent materials for implantation because they 
degrade completely in the body by hydrolysis, eliminating the need for a second surgery to 
remove the implant. Their degradation products, lactic acid and glycolic acid, are not toxic 
and the materials only evoke limited immune response. PDLA and PLGA are heat and 
humidity sensitive so they cannot be steam or dry heat sterilized. They can be sterilized by 
gas sterilization and electron beam radiation but not gamma radiation, which will accelerate 
degradation. 
An important feature of the copolymers of PLA and PGA is that by varying the ratio 
of these polymers, the copolymer can be tailored to degrade at a specific rate. The 
relationship between the ratio of GA to LA and the physicomechanical properties is not 
linear (Ratner et al., 1996). PGA is highly crystalline but the morphological changes in the 
copolymer lead to an increased hydration and hydrolysis causing copolymers with high ratios 
of GA to degrade faster. 
2.4.1 Process of degradation 
PDLA and PLGA are degradable because the main chain hydrolyzable groups are 
accessible. The chain cleavage at the ester bond level is autocatalyzed by carboxyl end 
a 
-f-O-CHz—CO-*,-
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groups initially present or generated by the degradation reaction. Ester hydrolysis produces 
an acid molecule, which accelerates ester hydrolysis leading to autocatalysis (Scott and 
Gilead, 1995). 
During degradation, amorphous regions binding the crystallites together degrade first 
through random hydrolytic scission of ester bonds. When most of the amorphous regions are 
degraded, hydrolytic attack progresses within the crystalline domains. Catastrophic 
mechanical failure occurs when the amorphous chains are hydrolyzed. Therefore, the more 
crystalline the polymer, the slower it will degrade. 
2.4.2 Reasons for degradation 
The degradation of PDLA and PLGA depends on environmental parameters such as 
pH and temperature. Degradation also depends on polymer characteristics such as molecular 
weight, molecular weight distribution, morphology, size, chemical composition and 
configurational structures (Scott and Gilead, 1995). 
Variations in the pH change the rate of degradation. Alkaline and strongly acidic 
media accelerate polymer degradation. The change caused by slightly acidic and 
physiological media is much less pronounced due to autocatalysis by carboxyl end groups. 
Temperature plays an important role in polymer degradation. As temperature 
increases, the rate of degradation increases. At temperatures above the glass transition 
temperature, hydrolysis is easier. The duration of exposure is critical also because both short 
exposures at temperatures near the glass transition and long exposures at temperatures below 
the glass transition accelerate the degradation rate. 
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The molecular weight (MW) and MW distribution are important factors because of 
the autocatalytic characteristics of aliphatic polyester hydrolysis. When the polymers begin 
to hydrolyze, the MW decreases due to random hydrolytic ester cleavage. The presence of 
low MW chains and/or acidic monomers accelerates degradation. The lower the MW, the 
faster the degradation rate because of the presence of more carboxylic acid catalyzing groups. 
During degradation, PLA and PGA show a unimodal pattern supporting homogeneous 
erosion (Scott and Gilead, 1995). 
The morphology of the aliphatic polyesters affects the rate of degradation. 
Amorphous regions are first to hydrolyze causing augmentation of the crystallinity. As the 
hydrolysis continues, the crystalline domain is attacked. The chain structure for some 
aliphatic polyesters such as PDLA is very complex. The degradation of GA units enriches 
the D-LA segments causing crystallization during degradation. 
PLGA and PDLA erode by bulk degradation rather than surface degradation. This 
means that the rate of water penetration into the polymer exceeds the rate in which the 
polymer is transformed into a water-soluble material (Ratner et al., 1996). Degradation 
occurs throughout the volume of the polymer causing cracks and crevices and finally, pieces 
of the polymer detach. 
The size of the polymer sample changes the rate at which it degrades. The smaller 
the sample, the slower the degradation rate. For large samples, the strength decreases 
because of the surface area per weight ratio, which controls water diffusion and thus 
hydrolysis. Faster internal degradation has been observed in PLA and PGA for large devices 
(Scott and Gilead, 1995). 
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The chemical composition and configurational structure of PLA and PGA makes a 
strong contribution to the degradation rate. The greater the percentage of PGA in the 
copolymer, the faster the degradation corresponding to the amount of amorphous 
compounds. PDLA has a much slower degradable rate than PLGA, and PLGA degrades 
slower than PGA. This is true because PLA is more hydrophobic, which limits the water 
uptake and reduces the rate of backbone hydrolysis compared to PGA (Ratner et al., 1996). 
2.5 Surface Modifications 
Various methods can be used to modify material surfaces. Micro and 
nanomanipulation of polymeric surfaces is possible using atomic force microscopy (AFM) 
and laser etching. Both instruments can produce fine detailed structures. Reactive ion 
etching (RIE) can be used for surface modifications of metals, ceramics and polymers. 
Surface modifications to biodegradable polymers are complicated by the fact that the 
polymer is very sensitive to heat, high humidity and high energy. The degradation rate of the 
polymer increases when exposed to heat and high energy, which may be generated during 
laser ablation and RIE. 
2.5.1 Atomic force microscopy 
The AFM probes the surface of a sample with a tip, which is located at the end of a 
cantilever. The tip is fabricated from silicon nitride with a V-shaped cantilever configuration 
and square pyramidal shaped tip. The cantilever (100 nm length) is triangular with a force 
constant of 0.32 N/m. The forces between the tip and the sample surface cause the cantilever 
to deflect, and a detector measures the deflection (Figure 2-8). The AFM can also be used 
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for nanolithography in which deliberate deformations are created in the sample surface using 
the tip (Howell and Benatar, 1993). 
Nanogrooves are fabricated on the polymer film surface by applying excessive forces 
with the AFM. The substrate surface is modified atom by atom. This occurs when the AFM 
is in repulsive mode. The atoms of the tip and the atoms of the substrate surface are initially 
separated by a large distance. The atoms are gradually brought closer together until the 
atoms begin to repel each other electrostatically. This short range repulsive force weakens 
the long range attractive force as the interatomic separation continues to decrease (Figure 
2-9). The force between the atoms goes to zero and the van der Waals force becomes 
repulsive causing the electron clouds of the atoms overlap. The cantilever bends rather than 
forcing the tip atoms closer than the length of a chemical bond to the substrate atoms. The 
magnitude and sign of the cantilever force are dependent on the deflection of the cantilever 
and its spring constant. The total force exerted on the substrate typically ranges from 10"7 to 
1(X*N (Howell and Benatar, 1993). 
2.5.2 Reactive ion etching 
RIE is a plasma etching process in which a self-sustaining plasma glow discharge is 
used to generate chemically reactive ions from relatively inert molecular gas. Etchant 
formation occurs when fed-in gas breaks down into ions, radicals and excited fragments by 
means of electron impact reactions. The gas ions are transported to the material surface by 
electric field. The chemically active ions are adsorbed at the material surface and then react 
with the material surface forming a reaction product that is volatile (Germann, 1996). The 
etch product spontaneously desorbs from the etched material into the gas phase and is then 
Mirror 
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Figure 2-8 - A laser beam is reflected off the sample surface to a photodetector, which measures the 
beam's displacement (Howell and Benatar, 1993). 
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Figure 2-9 - The interatomic repulsive and attractive forces with respect to tip-sample separation 
(Howell and Benatar, 1993). 
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removed by a vacuum pumping system. The reactive ions are formed by dissociating the 
relatively inert etch gas into reactive fragments. 
The main advantage of plasma etching is that it is highly directional. The shape of 
the sidewalls of the etched feature is determined primarily by the directionality of the etch 
process that is dependent on the small lateral dimensions of the lithography (Cobum, 1982). 
ISJ Laser etching 
Light induced alterations of surfaces can occur with sufficient flux density to cause 
massive changes in surface binding properties in a short period of time. Energy is deposited 
on the surface by exciting free electrons or by exciting electronic or vibrational transitions in 
atoms, ions or molecules. The induced excitation depends on the laser frequency, pulse 
duration and material characteristics including electronic structure, composition, 
morphology, and thermodynamic surface roughening and instabilities. Interactions between 
light and matter lead to energy localization, bond-breaking, and atomic and ionic motion. 
Laser ablation is the conversion of an initial electronic photoexcitation into kinetic 
energy of nuclear motion that leads to the ejection of molecules from a surface. This ejection 
of molecules is called sputtering. Laser ablation is a mesoscale, high-yield photon sputtering 
process where material is removed at rates typically exceeding one-tenth monolayer to a few 
monolayers per pulse (Miller and Haglund, 1998). The total yield of the ejected particles is 
proportional to the high power of the density of electronic excitation and has a threshold 
photon intensity below observed laser-induced desorption (ejection of individual atoms or 
molecules as an isolated event). 
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3. RESEARCH OBJECTIVES 
The goals of this project were to fabricate a reproducible biodegradable polymer film 
to study Schwann cell and neuron behavior on micro and nanopattemed surfaces. The 
physical, chemical and biological cues that these polymer substrates provide were optimized 
to promote the fastest and most direct peripheral nerve regeneration in vitro with the potential 
of in vivo experimentation. 
Most of the previous studies have involved the effects of physical or chemical 
guidance on neurons seeded on non-degradable substrates. Biodegradable substrates were 
used in our studies to allow for potential in vivo experimentation. 
Initially, the biodegradable polymers, poly(DL-lactide) and poly(lactide-co-glycolide), 
were tested for cell response to the polymer and solvents to ensure compatibility with the 
Schwann cells and neurons. Micropattemed compression molded substrates were fabricated 
using a variety of microfabrication techniques compatible with biodegradable polymers to 
produce varying groove widths, spacing and depths to provide physical guidance to the cells. 
These substrates were utilized to optimize the pattern size promoting the best neurite and 
Schwann cell alignment. 
In order to produce substrates that can be used for in vivo studies, a pliable film must 
be created to insert into a conduit. Micropattemed solvent cast biodegradable polymer films 
with the optimized groove patterns were fabricated using a reactive ion etched silicon wafer 
as a die. These films were used to quantify neurite and Schwann cell alignment, Schwann 
cell migration and neurite elongation. 
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The degradation of the solvent cast films was investigated to understand the polymer 
behavior for conduit use. Pattern degradation was evaluated to ensure that physical guidance 
is maintained while the regenerating neurites advance across the transected nerve gap bridged 
by a conduit. 
Solvent casting methods were also used to produce multiple layered biodegradable 
polymer films with an exposed highly permissive path to promote directional neurite 
outgrowth. The micro and nanogrooves were etched using the AFM and/or laser ablation. 
Various substances were evaluated for use as the permissive layer sandwiched 
between two layers of degradable polymer to provide chemical cues on the multiple layered 
films. Chemical guidance was also achieved by adsorbing agents that support cell adhesion 
and outgrowth selectively within the microgrooves by exploiting surface tension effects. 
The physical effects of the grooves and the changes in cell behavior due to chemical 
modifications to the substrate surface were quantified for simultaneous seeding of Schwann 
cells and neurons. By seeding the micro and nanopattemed substrates with Schwann cells 
and neurons, the synergistic effects of the biological cues provided by the Schwann cells, 
physical effects of the grooves and chemical effects of laminin on neurite alignment and 
outgrowth were studied. The physical, chemical and cellular cues were optimized on 
biodegradable polymer substrates to achieve the goals of accelerated and directed neurite 
outgrowth. 
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4. MATERIALS AND METHODS 
4.1 Materials 
4.1.1 Biodegradable polymers 
The biodegradable polymers used to construct the micro and nanopattemed substrates 
were poly(DL-lactide) and 85/15 poly(DL-lactide-co-glycolide), PDLA and PLGA 
(Birmingham Polymers, Inc., Birmingham, AL), respectively. PDLA has a specific gravity 
of 1.25 g/ml and a glass transition temperature (Tg) of 55-60°C. PLGA's specific gravity is 
1.27 g/ml and its Tg is 50-55°C. Both polymers are amorphous, soluble in chloroform and 
acetone, and have inherent viscosities ranging from 0.55 to 0.75. 
Polyvinyl alcohol) (PVA) was used as a release agent for removing the solvent cast 
films from the silicon wafers. PVA grades used were Elvanol 51-05N (M„ = 23,000; 88% 
hydrolysis), Elvanol 70-06 (M„ = 17,600; 88% hydrolysis) and Elvanol 90-50 (Mi, = 35,420; 
99% hydrolysis) (DuPont, Wilmington, DE). 
All of the substances used for cell culturing and processing are listed in the Appendix. 
4.2 Methods 
4.2.1 Quartz die and silicon wafer fabrication 
Since conventional photolithography techniques cannot be used directly on PDLA 
and PLGA films due to problems with accelerated degradation, the micropattems were made 
on quartz or silicon wafers and transferred to the polymer substrates. The fabrication of the 
quartz microdies began by making a lithographic photomask as a template to produce 
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geometric patterns on quartz glass. The microdies wer made in a four step process that 
includes surface preparation, metal deposition, photolithography and etching. 
The surface of the 2 x 2 x 1/16 inch piece of sheet quartz was cleaned in an etching 
solution. Concentrated sulfuric acid was added to 30% hydrogen peroxide making a 1:1 
solution. During the exothermic reaction, the quartz plates were submerged into the solution 
and etched for 3 minutes. The plates were removed and thoroughly rinsed in de-ionized (DI) 
water. 
After the quartz plates dried, they were placed in the electron beam evaporator for 
chrome deposition under an ultra-high vacuum. A focused electron beam bombards a cup of 
metallic chrome with electrons causing the chrome to sublimate and deposit on the surface of 
the quartz. After 100 nm of chrome was deposited, the plates were removed from the 
chamber (Figure 4-1). 
The quartz plates were spin-coated with 1512 photoresist and prebaked at 95°C for 30 
minutes. After the plates cooled, they were exposed to ultra-violet radiation through a 
patterned photomask. The exposed plates were placed in a commercial photoresist etchant 
(351 developer) for 1 minute to etch the exposed photoresist. The plates were rinsed in DI 
water, spun dry and postbaked at 120°C for 45 minutes to harden the resist. 
After the photolithography was complete, the quartz plates covered with patterned 
photoresist were immersed in CR4 commercial chrome etchant (82% water, 9% nitric acid 
and 9% eerie ammonium nitrate). The chrome that was exposed during photolithography 
was removed to expose the quartz surface while the photoresist kept the non-exposed chrome 
from being etched. The photoresist was removed by flowing acetone over the quartz plates 
a 
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Figure 4-1 - (a) The quartz and silicon wafer (® ) are etch through (b) a patterned chrome 
mask using RIE (c) leaving rectangular mesas capped with chrome (• ). (d) The chrome is 
chemically removed and the grooved surface (•) is used as a microdie to transfer the geometric 
pattern to the polymer. 
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and then rinsing the plates with methyl alcohol. The plates were rinsed with DI water and 
spun dry. 
The quartz plates were placed in the Reactive Ion Etcher (Plasma-Therm 720, dual-
chamber, Leybold 360 turbo-pump, St. Petersburg, FL). The chamber was evacuated and 
oxygen was admitted at a flow rate of 98 seem with the oxygen pressure maintained at 80 
mTorr. A radio frequency (RF) plasma was created over the plates bombarding the surface 
with 300 V oxygen ions that clean away any organic residue. The chamber was then 
pumped out and filled with atmospheric oxygen and CHF3 (Freon 23) at flow rates of 5 seem 
and 45 seem, respectively. The chamber pressure was maintained at 40 mTorr. A RF plasma 
was formed over the plates creating an ion bombardment voltage of 435 V resulting in an 
etch rate of 24 nm per minute for the quartz surface. 
After the quartz was etched, the plates were submerged in CR4 chrome etch to 
remove the chrome mask. The mesas patterned into the quartz imprint the grooves onto the 
polymer films. The silicon wafers used as dies for the solvent cast films were fabricated with 
the same lithographic methods stated above without the initial chemical cleaning. 
4.2.2 Patterned polymer films 
4.2.2.1 Micropattemed compression molded polymer substrates The 
compression molded biodegradable polymer substrates were fabricated by softening polymer 
pellets with heat and pressure. This process was accomplished by first fabricating smooth 
films and then imprinting the microgrooves onto their surface using a quartz microdie (Miller 
et al., 2000). 
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First, a monolayer of closely packed polymer pellets was arranged on a clean 1x3 
inch glass slide. Approximately five polymer pellets (cylindrical pellets of 1 mm diameter 
and 2 mm length) made a 10 mm diameter, 0.5 mm thick film. Another glass slide was 
placed on top of the pellets and the unit was placed in a press (12-ton hydraulic press, Carver 
Laboratory Press, IN). The press was closed until the platens were just touching both glass 
slides and then the platens were heated to 60°C. Since the polymer is amorphous, it softens 
where it is in contact with the glass but the whole pellet does not melt. Therefore, pressure 
was applied gradually over 15 minutes so the softened polymer filled in the space between 
the pellets forming a smooth defect-free substrate. After 15 minutes, the pressure was 
increased to 500 psi for 5 minutes. The unit was removed from the press, cooled for one 
minute and the smooth films were transferred to a clean petri dish. 
The second fabrication step was to place the smooth substrates on the patterned 
quartz die (Figure 4-2). A glass slide was placed on top of the smooth substrates. When the 
press temperature was ambient temperature, the die unit was placed in the press. The press 
was closed until the platens just make contact with the glass. When the press heats to 50°C, 
pressure was applied to the unit making sure that the pressure was not greater than 50 psi. 
Quartz die 
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Figure 4-2 - Polymer film patterned with microsized grooves by quartz die. 
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Temperature shock and higher pressure will break the quartz die. The unit was heated at 
50°C for 5 minutes at minimal pressure to imprint the microsized patterns on the polymer 
and was then removed from the press. 
The cooled unit was placed into the freezer for about one minute for easy removal of 
the patterned polymer substrate. The patterned substrates were stored in a desiccator over a 
half-pound of anhydrous CaSCU drying agent Oriente® (W.A. Hammond Drierite Company, 
Xenia, OH) to prevent degradation due to hydrolysis. Since biodegradable polymers are 
extremely sensitive to and degrade with exposure to heat and humidity, it was imperative to 
limit exposure by using the lowest softening temperature, minimizing the duration of the 
exposure and storing the polymer in a desiccator. 
4.2.2.2 Micropatterned solvent cast polymer films The polymer solution for the 
solvent cast films was made by dissolving three grams of polymer in 10 ml of chloroform 
making a 30% (w/v) solution. While the PDLA was dissolving (about 2 hours), polyvinyl 
alcohol) (Evanol, DuPont) was spun onto the silicon wafer at 4000 rpm for 1 minute (6% 
PVA was prepared by heating 6g PVA/100ml H;0 for 6 hours at 90°C). After the PVA 
dried for 4 hours, PDLA solution was spun on the wafer at 1800 rpm for 1 minute. The 
PDLA was allowed to dry for a minimum of 2 hours but 12-24 hours was preferable 
depending on the humidity. 
The PDLA film was removed by soaking the wafer in water. The thin film of PVA 
acts as a release agent and the PDLA film peels from the wafer with little effort. The PDLA 
film was washed by spraying the grooved surface with a Water Pik® (Teledyne, Ft Collins, 
CO) and lightly rubbing the surface. The film was floated on DI water with the grooves 
facing down for 24 hours at 37°C and then washed before storing in a desiccator with a 
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drying agent at -20°C to minimize polymer degradation. The PVA and PDLA solutions were 
stored at 2-8°C for no longer than 1 week. 
4.2.2.3 Nanopatterned solvent cast films The nanosized grooves were etched on 
solvent cast films. One gram of polymer was dissolved in 10 ml of chloroform. Using a 
microsyringe, one drop of polymer solution was cast on a 5 mm2 piece of steam sterilized, 
glass coverslip. The films were allowed to dry for 48 hours. Laminin was coated on the 
PDLA surface and allowed to dry. Next, another film of PDLA was spun on top of the 
laminin to cover the laminin. Finally, the AFM was used to etch through the top film to 
expose the laminin, which promotes cell adhesion by providing a more permissive surface 
than the PDLA (Figure 4-3). The films were stored in a desiccator with a drying agent. 
The nanosized grooves were etched in the substrate surface with the AFM 
(Nanoscope 3, Digital Instruments, Santa Barbara, CA) in contact mode. The AFM tip 
(DNP-S20, Digital Instruments) was microfabricated from silicon nitride and oxide 
sharpened. 
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Figure 4-3 - Multilayered polymer film with the incorporation of a glycoprotein 
to stimulate neurite outgrowth and enhance guidance. 
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The solvent cast film on the glass substrate was mounted and placed on the AFM 
stage. The tip was fastened onto the E scanner and adjusted so the laser beam was centered 
on the tip, maximizing the signal to the detector. The tip was lowered near the film surface 
and engaged. The surface of the film was scanned and a smooth region was chosen to make 
the nanogrooves. To etch the grooves, the scan size was set to 1.5 fim, the set point was 3 V, 
the scan rate was increased to 12.2 Hz and the slow scan axis was disabled. The length of the 
groove was controlled by the scan size, the depth by the scan rate, and the width was 20-30 
nm. 
4.2.2.4 Laser etched solvent cast films Solvent cast PDLA films were made on 
glass coverslips with 30% (w/v) PDLA in chloroform. The films were dried for a minimum 
of 24 hours and then a 6% (w/v) PVA film was cast on top of the PDLA film. 
The films were sputtered by varying the number of pulses (1-15 pulse per line), pulse 
duration (2-5 nanoseconds) and accelerating voltage (17-26 kV). Multiple pulses were used 
to prevent heating of the polymers. 
Once a groove was etched through the PVA into the PDLA, laminin was adsorbed to 
the substrate. The PVA was then washed from the substrate leaving laminin only in the 
bottom of the groove. 
4.2 J Laminin adsorption on polymer films 
Laminin solution was prepared by diluting the 1 mg laminin to the desired 
concentrations ranging from 100-1000|ig/ml of 10 mM phosphate buffered saline (PBS). 
Using a 1 ml pipet, laminin solution was placed onto the polymer film and allowed to adsorb 
for 10 minutes (Figure 4-4a). The solution was removed by placing a 1 ml glass pipet 
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perpendicular to the film surface in the center of the puddle and pipetting up the fluid (Figure 
4-4b). The excess fluid on the surface dried for 4 hours (Figure 4-4c) leaving more laminin 
in the grooves than on the mesa surface (Figure 4-4d). The cells were immediately seeded 
onto the laminin coated substrates. 
Laminin was also adsorbed onto the solvent cast films produced for the AFM. The 
laminin was adsorbed between two layers of PDLA. The top layer of polymer was etched to 
expose the middle layer of laminin. 
4.2.4 Schwann cells 
The Schwann cells were cultured from the sciatic nerve of 2-3 week old Sprague-
Dawley rats. The rat was anesthetized in a closed chamber system using halothane and then 
removed from the chamber and decapitated. It was placed in a prone position and the skin 
was grasped with forceps near the root of the tail. Using iris scissors, a 5 mm opening was 
made in the skin and the scissors were inserted into the opening to loosen the skin from the 
muscle tissue. The skin was cut down the back of the legs exposing the muscle tissue. Using 
blunt dissection, the biceps femoris was separated to expose the sciatic nerve. The sciatic 
nerve was detached from the adductor magnus and the semi membraneous. The nerve was 
extracted and held on ice in Gey's Balanced Salt Solution (GBSS) with 6.5 mg of glucose per 
ml of GBSS. 
The nerve is cleaned to remove hair and excess tissue by grasping one end of the 
nerve and gently pulling it through the tips of the foreceps (#5, fine Science Tools, CA. The 
nerve was then cut into 1 mm length pieces. A 60x15 mm tissue culture dish (#0877221, 
Fisher) was plated with 0.5 ml of chicken plasma solution (5 mg chicken plasma per 0.10 ml 
Figure 4-4 - (a) Laminin deposition, (b) Removal of Laminin. (c) Drying, (d) The laminin puddles 
evenly over the surface but after removal, more fluid pools in the grooves increasing the laminin 
concentration in the grooves upon drying. 
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sterile water). Approximately 30 of the 1 mm long sciatic nerve pieces were placed on the 
plated dish. A couple of small drops of thrombin (10 units/ml) were placed on the dish and 
the thrombin was mixed with the chicken plasma using a bent Pasteur pipet. The solution 
clots and the nerve pieces adhere to the dish. 3.2 ml of medium consisting of 90% 
Dulbecco's Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS), and 5 |il 
gentamicin per ml of medium was added. The medium was replaced every other day. 
The sciatic nerve pieces shed fibroblasts (Figure 4-5) and were transferred to a new 
tissue culture dish once the fibroblasts cover the dish surface (every 5-7 days). After 3-4 
weeks, the Schwann cells began exiting the sciatic nerve piece signifying the time to 
dissociate the sciatic nerve pieces. 
The sciatic nerve pieces were dissociated by rinsing the pieces off of the tissue culture 
dishes and placing them in a centrifuge tube. The medium was removed from the pieces and 
they were washed with 5 ml of Hanks' Balanced Salt Solution (HBSS), three times for 5 
minutes each. A solution of 0.1% trypsin in HBSS and 0.1% collagenase was prepared and 
filtered through a 0.22 pm cellulose acetate syringe filter. Five ml of the trypsin/coilagenase 
solution was added to the nerve pieces and incubated for I hour at 37°C. The 
trypsin/coilagenase solution was removed and the pieces were washed with HBSS (3 times 
for 5 minutes each). After removing the HBSS, 3 ml of medium was added to inhibit the 
trypsin. 
The pieces were then mechanically dissociated using a 1 ml pipette until the medium 
was cloudy. The cell suspension was centrifuged for 10 minutes at 1000 rpm and the 
supernatant was removed. The Schwann cells were placed into a 75 cm2 flask (Fisher 
Degeneration 
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Figure 4-5 - Schwann cells preparation for seeding on microgrooved films. 
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Scientific) with 12 ml of medium. The medium was composed of 90% DMEM, 10% FBS, 5 
lil gentamicin per ml medium, 0.5 mM isobutylmethylxanthate (IBMX), 0.5 mM forskolin 
and 0.1 ng human heregulin-Pl per ml medium. Eight ml of the medium was removed and 
replaced every other day. 
Once the Schwann cells were confluent (Figure 4-5), they were ready to seed on 
substrates. First, the fibroblasts must be removed from Schwann cells. Five ml of sterile 
water was added to 5 ml of rabbit serum complement and set aside. The medium was 
removed from the flask of Schwann cells and 9 ml of HBSS was added to wash the cells for 
5 minutes. The HBSS was removed and 10 ml of 0.25% trypsin in HBSS was added. This 
solution was left in the flask for about one minute. When the cells began detaching, the 
trypsin solution was removed and the flask was placed in the incubator for 10 minutes at 
37°C. After 10 minutes, the flask was checked for cell detachment and reincubated if the 
cells were not detaching. Ten ml of medium was added to rinse the cells off the flask and the 
fluid was placed in a centrifuge tube. 
This cell suspension was centrifuged for 8 minutes at 1000 rpm and the supernatant 
was removed. Two ml of anti-thyl.l medium was removed from the flask of T11D7E2 
hybridomas (American Type Culture Collection, Rockville, MD) and filtered with a 0.22 nm 
filter into the centrifuge tube. Anti-thyl.l labeled the fibroblasts so the rabbit serum 
complement could compromise their plasma membrane leading to cell death (Figure 4-6). 
The tube was placed in the incubator for 30 minutes and then centrifuged for 8 minutes at 
1000 rpm. After the supernatant was removed, 1.5 ml of rabbit serum complement was 
added to the centrifuge tube and incubated for 30 minutes at 37°C. Following another 
centrifugation for 8 minutes at 1000 rpm, the supernatant was removed. 
Figure 4-6 - (a) T11D7E2 hybridotnas produce anti-thyl.l which labels (b) fibroblasts (arrows). Complement 
was added causing the fibroblasts to lysis, (c) A 95% pure Schwann cell culture was produced. 
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Finally, 3 ml of medium was added and mixed. The solution was put into a new flask 
and an additional 9 ml of solution was added. The Schwann cells attach to the flask within 
18 hours and the fibroblast debris should be rinsed from the flask. 
The purified Schwann cells were ready to be seeded on the substrates. The cells were 
rinsed with 5 ml of HBSS (3 times for 5 minutes each). The Schwann cells were removed 
from the flask by placing 10 ml of 0.25% trypsin in HBSS in the flask for about 1 minute. 
The solution was removed and the flask was incubated for 10 minutes. After the cells detach, 
9 ml of medium was added and the cells were placed in a centrifuge tube. The mixture was 
centrifuged for 8 minutes at 1000 rpm and the medium was removed. The Schwann cells 
were «suspended in 2 ml of medium and counted. 
A solution of 0.25 ml trypan blue, 0.15 ml HBSS and 0.1 ml Schwann cells was 
mixed and pipetted into a hemacytometer. The four corner squares and the center square on 
each half of the hemacytometer were counted (10 squares). Each square should have 20-50 
cells for the count to be accurate. The number of Schwann cells per ml of medium was equal 
to the dilution factor (5) multiplied by the average cell count times 104. The desired amount 
of medium was added to the Schwann cells for seeding at the appropriate cell density and the 
medium was mixed with a 1 ml pipette to ensure cell separation. 
The Schwann cells were fluorescently labeled with the nuclei acid stain at 3.7 nl 
dye/ml DMEM and incubated at 37°C for 30 minutes. The Schwann cells were seeded in 
concentrations of 50,000 to 400,000 cells per square centimeter on the patterned substrates 
coated with laminin (100-1000ng/ml PBS). 
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4.2.5 Dorsal root ganglia 
The neurons were collected from 1-3 day old Sprague-Dawley rats. Ten ml of GBSS 
with glucose was placed in a petri dish and chilled on an ice pack. The rat was anesthetized 
in a closed chamber system using halothane. The rat was removed from the chamber and 
decapitated. It was placed in a prone position and the skin was opened exposing the spinal 
column. An incision was made in the muscle tissue on both sides of the spinal column to 
allow for more precise cutting of the vertebrae. One tip of a pair of iris scissors was placed 
in the spinal column and the vertebrae were cut down the length of the spinal column. The 
spinal cord was gently removed with forceps. 
The ganglion was removed by carefully inserting the forceps behind the ganglion and 
lifting it out by the distal process. The process was cut with the iris scissors and the ganglion 
was placed in the GBSS solution. 
4.2.5.1 Whole ganglia The sheath was removed from the whole DRG after chilling the 
DRG on ice for no less than one hour. By gently grasping the ganglion with the forceps, the 
sheath was cut open with the tips of sharp forceps. Once the sheath was opened, it was 
pulled from the cell mass. The ganglia were held in GBSS solution until seeded on the 
substrates. The ganglion was dipped into chicken plasma (5 mg/ml HaO) and then dipped 
into thrombin (10 units/ml) and placed on the substrate. This combination of plasma and 
thrombin clots the cells to the substrate. 
The whole ganglion cannot be completely submerged in medium because oxygen will 
not be able to diffuse through the fluid and the mass of cells. For a 60x15 mm culture dish 
with the substrate placed 0.5 mm from the outer edge of the dish, 1 ml of medium (50% 
Basal Medium Eagle (BME), 25% Earles' Balanced Salt Solution (EBSS), 25% Horse Serum 
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(HS), 5 ni gentamicin per ml medium and 10 ng nerve growth factor-P (NGF-fl) per ml 
medium) was added. After 24 hours, the culture was supplemented with 5 mM cytosine-0-
arabinocide to prevent the proliferation of fibroblasts and Schwann cells. The cultures were 
placed on a slowly oscillating tilt table in the incubator at 37°C with 5% CO2. 
4.2.5.2 Dissociated ganglia The DRG were dissociated by placing the ganglia in a 
centrifuge tube and removing the GBSS. The DRG were washed in HBSS for 5 minutes. 
The HBSS was removed and the DRG were incubated at 37°C for 45 minutes in 5ml of 0.22 
tim filtered 0.1% trypsin and 0.1% collagenase in HBSS. The cells were centrifuged at 1000 
rpm for 10 minutes and the supernatant was removed. The DRG were resuspended in 5 ml of 
0.25% trypsin in HBSS and incubated for 10 minutes at 37°C. The cells were centrifuged 
again for 10 minutes at 1000 rpm and the trypsin solution was removed. Five ml of medium 
(90% DMEM, 10% FBS, 5gl gentamicin per ml medium and 10 ng NGF-p per ml medium) 
was added to inhibit the enzymatic reaction of the trypsin. The cells were dissociated 
mechanically with flame-narrowed Pasteur pipettes. 
The neurons were labeled with 3.7 )il Dil/ml DMEM and incubated at 37°C for 30 
minutes. Since the quantity of neurons was very low, the neurons could not be accurately 
counted with the hemacytometer. Through experimentation, it was determined that one 
ganglion was dissociated and seeded on two 1 cm2 substrates. This cell density was adequate 
for studying individual neurite behavior on laminin coated patterned substrates. 
For simultaneous seeding of Schwann cells and neurons, the STY023 labeled Schwann 
cells were mixed with Dil labeled neurons. The cell suspension was placed on the laminin 
coated patterned substrates. Both neurons and simultaneous seeded Schwann cells were 
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cultured in medium consisting of 90% DMED, 10% FBS, 5 |il gentamicin per ml medium 
and 10 ng NGF-P per ml medium. After 24 hours, the culture was supplemented with 5 mM 
cytosine-P-arabinocide to prevent the proliferation of fibroblasts. 
4.2.6 Histological procedures and imaging 
4.2.6.1 Light microscopy The neurons and Schwann cells were imaged using light 
microscopy. An Olympus IMT-2 bright field/phase contrast microscope was used to take 
digital images (Olympus DP 10 Digital camera) and color slide images. Various staining 
methods for live and fixed cells were used to enhance the visibility of the cells on the 
substrates. 
4.2.6.1.1 Staining live cells Live cell staining was used to improve cell 
visibility and to monitor the cells as they grew. The lipophilic tracer, DiIC|g(3) (Dil), is a 
retrograde neuronal tracer in living and fixed cells. The dye uniformly labeled neurons and 
Schwann cells through lateral diffusion in the plasma membrane at a rate of 0.2-0.6 mm per 
day and can remain viable for up to 4 weeks in culture (Myers and Bastiani, 1993). Dil has 
an absorption of 549 nm and a fluorescence emission maximum of 565 nm. The stain was 
used either on neurons prior to seeding on substrates or on neurons and Schwann cells seeded 
on substrates. If the neurites extend farther than 0.2-0.6 mm per day, the cells were redyed to 
label the fine processes of the neurons. 
The solution of dye was prepared by the dilution of the Dil crystals in 
dimethylsulfoxide (DMSO) at 2.5 mg/ml. The stock solution was then diluted in DMEM to a 
concentration of 2.5 jiM. The medium was removed and 2.5 jiM Dil (warmed to 37°C to 
eliminate crystals) was added to the cells (either in a centrifuge tube for initial labeling of 
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whole ganglia and neurons or to the culture for relabeling) for 30 minutes at 37°C. The Dil 
was removed and medium was added. The cells were viewed with the light microscope 
using a 590 nm barrier filter. 
SYT023 is a green fluorescent nucleic acid stain with an absorption of 499 nm and 
emission of 520 nm (Chenn and McConnell, 1995). SYT023 was dissolved in 5 mM DMSO 
and 3.7 jil/ml DMEM to label the Schwann cells. SYT023 was very light sensitive so the 
fluorescent intensity decreases with exposure to all light. 
Neurotag Green was also used to label neurites (Winter et al., 1996). A solution of 5 
(ig/ml of Neurotag Green in PBS with 0.1% bovine serum albumin (BSA) was mixed. The 
solution was added to the cells and exposed at incubated at 37°C for 45 minutes. The 
solution was removed and medium was added to the cells. The cells were viewed with the 
light microscope using a 545 nm excitation filter and the neurons fluoresced green. 
4.2.6.1.2 Staining fixed cells Fixed neurons were labeled using neurofilament 
protein with a modified staining protocol (Mason, 1985). This procedure stained neurons but 
not Schwann cells so that the difference between elongated Schwann cell processes and 
neurites could be observed. 
The cells were fixed with 4% paraformaldehyde for 10 minutes and then rinsed with 
Tris buffered saline (TBS) 3 times for 1 minute each. Using a DAKO APAAP Kit (System 
40, K670), the primary antibody (neurofilament protein) was applied to the films and 
incubated for 30 minutes at 37°C. The films were rinsed with TBS 2 times for 1 minute 
each. The link (rabbit anti-mouse immunoglobulins) was applied and incubated for 30 
minutes at 37°C. The films were rinsed and alkaline phosphate antialkaline phosphatase 
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(APAAP) was added and incubated at 37°C for 30 minutes. The films were rinsed and the 
link was reapplied for 10 minutes at 37°C. After rinsing, the APAAP was reapplied for 10 
minutes at 37°C. By repeating the link and APAAP steps, the stain intensity was increased. 
The films were rinsed again and the substrate solution was added for 20 minutes at 37°C. 
The substrates were viewed using light microscopy. The neurites were labeled red and the 
Schwann cells may appear pink from background labeling. 
The Schwann cells were counter stained with working hematoxylin (for 1 minute) and 
Scott's tap water (for 1 minute). The hematoxylin was monitored during staining so that the 
Schwann cells were not overdeveloped. 
4.2.6.2 Scanning electron microscopy The micropattemed substrates were imaged 
using the SEM. The samples were prepared by fracturing the substrate, mounting the sample 
and sputter coating the sample with a conductive metal. The substrates were cut for cross 
sectional viewing of the substrate edge. The patterned substrate was cut perpendicular to the 
axial direction of the grooves with a razor blade or by freeze fracturing. Freeze fracturing 
was preferable because it provided a clean fracture while cutting at room temperature caused 
smearing of the edge. 
Preparation for freeze fracturing began by cooling a metal block by immersion in a 
styrofoam reservoir of liquid nitrogen. A 2 cm piece of parafilm sheet was rolled into a 
cylinder and submerged in water. The substrate was floated into the cylinder and both ends 
were crimped to seal the substrate into the water-filled pillow. The parafilm pillow was 
immersed in liquid nitrogen. After cooling, the pillow was placed on the metal block and 
fractured with a quick blow from a precooled razor blade. The fragments of the substrate 
were collected and allowed to dry (Bozzola and Russell, 1992). 
47 
The substrates were mounted with silver paint on conductive tape-covered aluminum 
studs. They were then sputter coated (SEM Coating Unit E5100 Series II, Polaron 
Instruments Inc., Watford Hertfordshire, UK) with 20 nm of conductive metal (80% 
palladium and 20% gold) with a current of 30 mA and voltage of 2.4 kV. Sputter coating 
was necessary to prevent the buildup of high voltage static charges that degrade the quality of 
the SEM images and cause heat damage to the polymer. The substrates were again stored in 
a desiccator to prevent rehydration that could crack the sputter coating. 
After the tissue was completely processed, it was ready to view with the JEOL JSM-
5800 Low Vacuum SEM. The SEM images were taken using an accelerating voltage of 10 
kV, a 200 nm diameter aperture and a vacuum level of 10'5 Torn 
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5. RESULTS AND DISCUSSION 
5.1 Micropatterned Substrate Fabrication 
Various fabrication methods were experimented with to produce micropatterned 
substrates on the biodegradable polymer. Many methods caused heat damage to the polymer 
and others were very time consuming and not easily reproducible. The best method for 
production of microgrooved substrates was to create a die and duplicate the pattern on the 
polymer surface. 
5.1.1 Quartz and silicon wafers 
Since the biodegradable polymers cannot be directly etched using lithographic 
methods and RIE, dies of quartz (Figure 5-la) and silicon (Figure 5-lb) were fabricated to 
transfer the micropattems to the polymer. Conventional photolithography was used to 
pattern the dies and then the patterns were etched by RIE. The quartz etched at 24 nm per 
minute and the silicon at 30 nm per minute. 
The etched dies were used to transfer the micropattem to biodegradable polymer 
substrates. The nomenclature to describe the pattern on the polymer substrates was groove 
width (pm) x groove spacing (pm) x groove depth (nm). 
5.1.2 Compression molded polymer substrates 
Compression molded substrates were used to determine the optimal pattern 
parameters. Figure 5-2 shows a patterned compression molded substrate obtained from a 
quartz die. The thickness of these substrates were about 0.5 mm. The process of 
^u^rtedie 
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Figure 5-2 - 10 x 20 x 3.3 pm PDLA compression molded substrate. 
compressing degradable polymer pellets into patterned substrates required exposure to heat 
and pressure which damaged the backbone of the polymer chain. Although the temperature 
was kept well below the melting temperature, the damage was extensive enough to 
dramatically increase the rate of hydrolysis causing accelerated erosion of the substrate 
surface. 
Degradation tests were performed on the substrates to evaluate groove maintenance 
under physiological conditions by submerging the substrates in buffer solution of pH 7 at 
37°C. The degradation tests were first accomplished on PDLA because PDLA is more 
hydrophobic and its CH3 group increases the steric hindrance making PDLA more 
hydrolytically stable. 
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It was found that 3 nm deep grooves on the 0.5 mm thick compression molded PDLA 
substrates almost completely degraded after 1 week in medium (Figure 5-3). After 2 weeks 
in medium, the mesas were level with the bottom of the groove and the substrate surface 
began to pit (Figure 5-4). The pitting was an indication of the occurrence of bulk 
degradation. At 4 weeks, pitting increased and surface buckling causes severe distortion of 
the surface (Figure 5-5). Since the grooves disappeared in about a week, 
cell seeding studies were conducted on these substrates to determine whether the initial 
alignment in the presence of the grooves was maintained even after the grooves disappeared. 
Since the compression molded PDLA degraded so quickly, compression molded 
substrates of PLGA were not fabricated because their degradation rate would have been 
much faster than that of compression molded PDLA substrates. This is because PGA 
degrades much faster compared to PDLA and therefore copolymers of lactic and glycolic 
acids degrade faster than PDLA (Scott and Gilead, 1995). 
5.1.2 Solvent cast polymer films 
Figure 5-6 shows a patterned solvent cast film obtained using a silicon wafer die. The 
thickness of these films was about 30 nm. The degradation of the solvent cast films occurred 
at a much slower rate than that of the compression molded substrates. The process of 
dissolving the polymer in chloroform does not damage the polymer backbone. This 
fabrication method also allows for easy variation in film thickness by changing the viscosity 
of the polymer solution and/or the spin speed during casting. The compression molded 
substrates were thick and brittle whereas the solvent cast films were thin and pliable making 
them ideal for incorporation into a conduit. 
Figure 5-3 - 3 jim groove depth compression molded PDLA after 1 
week in medium. 
Figure 5-4 - 3 pm groove depth compression molded PDLA after 2 
weeks in medium. 
Figure 5-5 - 3 nm groove depth compression molded PDLA after 4 
weeks in medium. 
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Figure 5-6 - 10 x 20 x 4 ^im PDLA solvent cast film. 
Solvent cast PDLA films showed little or no degradation after 1 week in medium 
(Figure 5-7). After 2 weeks in medium, the PDLA began to degrade slightly at the edges of 
the mesa but there was no measurable difference in groove depth (Figure 5-8). At 4 weeks, 
the textured surface of the mesas began to degrade and flow into the groove area but there 
was still only a 5% decrease in groove depth (Figure 5-9). 
Solvent cast films of 85/15 poly (lactide-co-glycolide) degraded much faster than the 
solvent cast PDLA films. At 1 week in medium, the groove depth had already decreased by 
11% (Figure 5-10). After 2 weeks in medium, the grooves had eroded by 14% (Figure 5-11) 
and at 4 weeks by 25% (Figure 5-12). The slow degradation rate of solvent cast PDLA films 
maintained the pattern topography allowing for enhanced physical guidance over time. 
Figure 5-7 - 2 pm groove depth solvent cast PDLA after 1 week in 
medium. 
Figure 5-8 - 2 pm groove depth solvent cast PDLA after 2 weeks 
in medium. 
Figure 5-9 -2 pm groove depth solvent cast PDLA after 4 weeks in 
medium. 

Figure 5-10-3 pm groove depth solvent cast PLGA after 1 week in 
medium. 
Figure 5-11-3 |im groove depth solvent cast PLGA after 2 week in 
medium. 
Figure 5-12-3 p.m groove depth solvent cast PLGA after 4 week in 
medium. 
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5.1.3 Atomic force microscopy 
The AFM is an excellent tool to perform nanomanipulation of soft polymer surfaces. 
The compression molded substrates could not be etched using the AFM because surface 
roughness caused the tip to adhere to the substrate. Efforts to smooth these films using 
polymer solution and solvent were not successful due to surface rippling. Etching was 
possible on smooth solvent cast films. 
Thin PDLA and PLGA films were cast on glass coverslips using a 10% polymer 
solution and dried for a minimum of 48 hours. Casting of thicker films was tried by applying 
multiple layers of polymer but as the number of layers increased, the film smoothness 
decreased. Thicker films were cast by increasing the solution viscosity but as the solution 
concentration increased, the film roughness increased which made it impossible to etch the 
film with AFM. 
The films were etched with groove widths ranging from 30 nm to 1 pm. The depth of 
the grooves varied with the magnitude of the force exerted (Figure 5-13). These solvent cast 
films with groove depths of less than 15 nm maintained their structure over 14 days in 
medium. 
When multiple layered PDLA films were cast with laminin between the layers, the 
laminin precipitated from the middle layer to the top layer forming defects on the surface. 
These deposits of precipitate changed the surface topography diminishing the effects of the 
laminin pathways. Also, etching with the AFM was very time consuming because to obtain 
nanowidth grooves, the groove length was etched 1 |im at a time. This process would be 
very inefficient for industrial production of patterned films. These problems with 
nanomanipulation via the AFM prompted an investigation into laser ablation. 
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Figure 5-13 - (a) AFM images of nanogrooves on a PDLA solvent cast film, (b) As the applied 
force increases, the depth of the groove increases proportionally(Gannepalli et al., 1998). 
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5.1.4 Laser ablation 
Direct etching of grooves onto polymer surfaces by laser ablation has great potential. 
Groove depth, length and width can be easily varied. Once the laser frequency and pulse 
duration is determined with respect to a specific material, etching can be accomplished. This 
etch method is advantageous because no release agents are required as with solvent casting 
on dies. Etching can also be done on a multiple layered film to expose a protein sublayer 
making the bottom of the groove more permissive than the top of the mesa which would 
promote better cell alignment. 
PDLA films were cast on glass coverslips and a thin layer of PVA was cast over the 
PDLA. By etching through the PVA and creating a groove into the PDLA, the bottom of the 
groove could be chemically modified. The water-soluble PVA would be washed away 
leaving a highly permissive groove and less permissive mesa region. Testing of both PVA 
and PDLA films was required since each polymer behaved differently during laser ablation. 
Groove depth was varied by changing the accelerating voltage and number of pulses. 
Groove width was controlled with the focusing lens. Figure 5-14 shows shallow grooves of 
less than 1 pm etched into the surface of a PVA film. The groove depth of this PVA film and 
other PDLA films were not uniform. Increases in laser frequency and pulse duration caused 
irregularities in the groove wall, bubbling in PVA films and heat damage to PDLA films. 
These limitations were due to the use of a nanosecond laser when a femtosecond laser would 
have been ideal because a more localized energy dispersion and shorter time for energy 
transfer would have been possible. 
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Figure 5-14 - Laser etching on PVAneoo at 23 kV and 24 kV, 10 puises. 
5.2 Physical Guidance 
In many instances, regenerating axons in gel-filled conduits migrate from the 
periphery of the lumen toward the center of the lumen (Guenard et al., 1992; Williams and 
Varon, 1985; Chen, 1998). If directional neurite outgrowth is promoted by grooves in the 
conduit wall, regenerating axons may be influenced to align by cofasciculation (Guenard et 
al., 1992) throughout the conduit lumen providing the most direct neurite outgrowth in a 
conduit. Three-dimensional topographical patterns on degradable polymer films can provide 
this physical guidance in the axial direction. 
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5.2.1 Pattern optimization 
The microsized pattern etched on substrate surface using various techniques outlined 
in the previous section were optimized by seeding Schwann cells and neurons, separately on 
these substrates, and observing cellular behavior. Schwann cell and neurite alignment were 
monitored on various groove widths and groove spacings. 
Patterns of (groove width x groove spacing in jim) 4 x 4,4 x 20,4 x 100,10 x 10,10 
x 20,20 x 4,20 x 20, and 20 x 100 were studied. Substrate patterns of 10 x 10 pm and 10 x 
20 nm were found to provide the best Schwann cell alignment (Figure 5-15). The 10 nm 
groove width permitted the Schwann cells to align in a straight line in the groove. The 10 
nm and 20 gm groove spacing caused the Schwann cells to flow in the direction of the 
grooves while spacings greater than 20 |im allowed the cells to grow in directions not parallel 
with the grooves. 
Neurite alignment was most affected by groove depth. Groove depths of less than 2 
pm had little influence on the physical guidance of the neurites (Figure 5-16a & b). Groove 
depths greater than 2 nm acted as physical barriers which provided better alignment (Figure 
5-17). 
Neurons were also profoundly affected by cell-cell communications. Chemical factors are 
released drawing neurites to the cell bodies of other neurons diminishing the influence of the 
physical topography (Figure 5-18a). Chemotropism disrupts neurite alignment on shallow 
grooves but is very advantageous in vivo because chemotaxis allows regenerating axons to be 
guided by Schwann cells in the neurilemma for reinnervation 
mm 
Figure 5-15 - (a & b) Schwann cells aligned along grooves on a 20 pm x 20 pm x 
1 pm PDLA substrate at 2 days. Although these cells are well aligned, narrower 
grooves promoted better alignment at higher cell densities. 
a 
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Figure 5-16 - Neurons not affected by the shallow groove depth or wide groove 
width on (a) 20 pm x 20 pm x 1 pm PDLA substrate and (b) 4 x 100 x 1 nm 
PLGA substrate. 
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Figure 5-17 - (a) Clustered neuron cell bodies with their neurites following 
a groove on a 4 x 100 x 2.3 |im PDLA substrate, (b) At higher 
magnification, neurites with a Schwann cell. 
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(Kandel et al., 1995). Other chemical cues involve adhesive cell-cell contacts that provide 
growth cone locomotion. 
Whole ganglia were induced to grow toward one another due to chemical cues 
(Figure 5-18b). Whole ganglia provide a better indicator of a transected nerve's behavior 
than dissociated DRG cells because the density of the axons is closer to that of an in vivo 
situation without the chemotropic influence of randomly placed neuron cell bodies. 
53 Live Staining 
Initially, the Schwann cells and neuron cell bodies on the compression molded 
substrates were visible except for the fine structures of the neurites in the groove 
region. Once the thin solvent cast films with deeper grooves were used, the cells were barely 
visible and the cell processes could not be seen. In order to better visualize the Schwann 
cells and neurites on the thin films and monitor their behavior, live staining methods were 
required. 
The Dil was chose to label the neurons and SYT023 to label the Schwann cells. The 
neuron-specific dye, Neurotag Green was also tested for live staining but was not used 
because it caused cell detachment from the substrates which did not improve when laminin 
was adsorbed to the substrates. 
43.1 DU 
Staining live cells with Dil enhanced the visibility of the small components of the 
neuron. The neuron cell body, neurite and Schwann cells were uniformly dyed and remained 
viable for more than 7 days after labeling. The Dil was used in two ways. One method 
Figure 5-18- Cell-cell communications between (a) dissociated neurons and (b) 
whole ganglia. 
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involved staining the cells after they were seeded on the substrates (Figure 5-19a). This 
method stained both Schwann cells and neurons. The visibility of the cells on the substrates 
was improved notably; especially, the axons growing along grooves. The second method 
entailed staining the cells prior to seeding (Figure 5-19b). The DRG were dissociated, 
stained and then seeded on the substrates. Labeling the neurons prior to seeding eliminated 
most of the background fluorescence. Both methods labeled the neurons improving visibility 
for monitoring neurite alignment. When neurites elongated more than 0.2-0.6 mm per day, 
the dye could not be distributed to make the neurites fluoresce, so relabeling was required. 
53.2 SYT023 
SYT023 is a nucleic acid stain labeling DNA using a ratio of ~ 100 bases of nucleic 
acid to 1 dye molecule. By labeling the neurons with Dil and Schwann cells with SYT023, 
both prior to seeding, the neurons were distinguishable from the Schwann cells (Figure 5-20). 
The neuron cell body may fluoresce slightly due to cytoplasmic diffusion of S YT023 after 
seeding but the color difference between the green Schwann cell nuclei and the greenish-
yellow neuron cell body was evident. 
5.4 Chemical Modifications 
5.4.1 Adhesion 
Various substances were coated onto the PDLA and PLGA substrates to improve cell 
adhesion. The concentrations were arrived at by reviewing the literature for concentrations 
that other researchers used on non-degradable substrates. Poly-L-lysine (160 pg/ml water) 
did not improve adhesion and caused severe clouding of the substrate surface making light 
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Figure 5-19 - (a) Two neurons labeled with Dil 24 hours after seeding on a 
smooth PDLA substrate (b) Whole ganglion stained with Dil prior to seeding. 
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Figure 5-20 - Schwann cell nuclei fluorescing green from STY023 labeling. 
microscopy viewing of the cells difficult. The clouding was probably due a change in the 
optical quality of the substrate. A combination of fibrinogen (1 ng/ml) with thrombin 
(10pg/ml water) had the same effect as poly-L-lysine. Chicken plasma (5 mg/0.1 ml water) 
enhanced cell adhesion greatly and was essential for adhering whole ganglia to the substrate 
surface (Figure 5-21). Laminin also improved adhesion causing more cells to adhere to the 
smooth substrates than to non-coated smooth substrates (Figure 5-22). 
5.4.2 Outgrowth 
Laminin also had the added benefit of promoting neurite outgrowth. Neurites on 
smooth laminin coated substrates grew 3 times longer than neurites on smooth non-coated 
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Figure 5-21 - (a) Whole ganglion adhered to glass substrate with 
chicken plasma. 
PDLA substrates. Figure 5-22a shows neurites on a non-coated PDLA film with little 
outgrowth but the laminin adsorbed PDLA had extensive outgrowth (Figure 5-22b). 
5.5 Chemical and Physical Guidance 
By combining the laminin as a chemical cue and the patterned substrate for physical 
guidance, directional growth of Schwann cells, dissociated DRG cells and whole ganglia was 
evaluated. 
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Figure 5-22 - Neurons on smooth PDLA fihns (a) without laminin and (b) 
with laminin. 
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5.5.1 Laminin and the patterned substrate 
Laminin was adsorbed to the patterned substrates by placing laminin solution (200 
|ig/ml PBS) onto the films for 10 minutes and then removing the solution with a pipet 
perpendicular to the surface. The laminin solution remaining on the substrate was dried for 4 
hours and cells were immediately seeded. This method of adsorbing laminin to the substrate 
surface selectively deposited more laminin in the groove region than on the spacing between 
the grooves promoting better neurite alignment. Figure 5-23a shows a sparse population of 
neurons seeded on a patterned substrate with the neurites maintaining alignment in the 
grooves. 
An assay using FITC conjugated solution was performed to show that a higher 
concentration of laminin was deposited in the groove region due to surface tension. The 
results revealed that more laminin was deposited in the corners of the grooves which 
fluoresced with a higher intensity as shown in Figure 5-23b. This noticeably improved 
neurite alignment within the grooves, promoted neurite outgrowth and enhanced cell 
adhesion (Figure 5-24). 
Chicken plasma increased the number of cells that adhered to the substrate but when 
coated onto a grooved substrate, the plasma coated the whole substrate surface eliminating 
the directional chemical guidance (Figure 5-24). This was probably due to the difference in 
viscosity of chicken plasma compared to that of laminin. 
Laminin ranging from 100 pg-1000 pg per ml PBS was adsorbed improving cell 
adhesion greatly with little clouding of the substrate surface. The laminin improved the 
adhesion of the neurons and Schwann cells (Figure 5-25) compared to substrates non-coated 
PDLA substrates (Figure 5-26) without diminishing physical guidance. 
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Figure 5-23 - (a) Neurons seeded on a 2.3 deep PDLA substrate, (b) Labeled 
laminin fluorescing green in groove comers (Image by G. Rutkowski). 
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Figure 5-23 - The bottom half of this laminin coated 10 x 20 x 4 pm PDLA film 
had a higher population of cells with more outgrowth due to better adhesion than 
the top half of the film which was not coated with laminin. 
5.5.2 Cell adhesion, outgrowth and alignment 
Various substrate effects were important to Schwann cell and neurite adhesion, 
outgrowth and alignment. Groove depth played a crucial role in providing physical 
guidance. The groove created a physical barrier directing neurite outgrowth. Shallow 
grooves of less than 2 pm in depth did not consistently alignment neurites. 
The spacing between the grooves was also integral in Schwann cell and neurite 
alignment. The silicon wafer and quartz dies were etched using reactive ion etching (RIE). 
The quartz die in Figure 5-27a shows the smooth surface that was capped with chrome, the 
perpendicular walls and the textured surface etched by RIE. The texture was imprinted onto 
Figure 5-25 - Plasma fills grooves eliminating physical guidance of 
neurites on a 10 x 20 x 1.8 |im PDLA substrate. 
Figure 5-26 - Neurons on 10 x 10 x 1.9 gm PDLA substrate with 
laminin. 
Figure 5-27 - Neurons on 10 x 10 x 1.9 pm PDLA substrate with 
no coating. 
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the mesa of the polymer substrate and may have helped encourage the neurites and Schwann 
cells to stay on the mesas by improving adhesion. 
Quantitatively, alignment was defined as a Schwann cell or neurite aligned parallel 
with the grooves and maintaining its original growth position without crossing the border 
between a groove and mesa (Figure 5-28). 
Figure 5-27 - High magnification of RIE region of 10 x 20 x 3.3 pm quartz die. 
Figure 5-28 - A cell maintaining alignment on the mesa. 
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5.5.2.1 Schwann cells Schwann cells were seeded on substrates with groove depths 
of 1.5,1.8,1.9,2.1,2.3,3.1 and 3.3 pm at various cell densities. Cell densities of 25,000, 
50,000,100,000,200,000 and 400,000 per cm2 were seeded on laminin coated substrates to 
determine the most effective number of Schwann cells for the best Schwann cell alignment 
and maintenance of physical guidance. If too large a number of Schwann cells were seeded 
on the substrate, a monolayer of cells would cover the substrate surface decreasing the depth 
of the grooves, which may affect neurite alignment. If there are too few Schwann cells, the 
cells would not be positioned to provide successive neurotrophic and neurotrophic factors to 
the neurites. 
Schwann cell densities ranging from 50,000 to 400,000 cell/cm2 aligned best on the 
substrates with 100% alignment. The Schwann cells seeded at 25,000/cm2 (Figure 5-29) 
were poorly aligned comparatively (87 ± 10.5%). These Schwann cells wander rather than 
aligning end-to-end, migrating toward nearby cells due to cell-cell communications which 
superseded the effects of the grooves. The best seeding density was 50,000/cm2 because it 
was the minimum number of cells aligned end-to-end with small areas of the substrate 
exposed to provide chemical and physical guidance (Figure 5-30). Minimizing the number 
of Schwann cells on the substrate may be important in a conduit due to waste product 
production. Also, if some areas of the laminin coated substrate are still present, neurite 
outgrowth can be stimulated by the laminin as well as the Schwann cells. 
Because Schwann cells have a propensity to align, 72% of the cells seeded (50,000 
cells/cm2) on smooth substrates aligned with a major axis (Figure 5-31 ). This major axis was 
chosen as the direction in which a majority of the cells aligned but this direction of 
Figure 5-29 - Schwann cells seeded at 25,000 cells/cm2 on a 10 x 
10 x 1.9 pm PDLA substrate. 
Figure 5-30- Schwann cells seeded at 50,000 cells/cm2 on a 10 x 
20 x 1.5 nm PDLA substrates. 
Figure 5-31 - Schwann cells seeded at 50,000 cells/cm2 on a smooth 
PDLA substrate. 
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orientation cannot be controlled (Figure 5-32). This explains why Schwann cells aligned 
well on substrates with shallow groove depths. 
It was also found that 8 times more Schwann cells adhere to laminin coated PDLA 
substrates than substrates with no coating. 
5.5.2.2 Dissociated DRG The alignment of the neurites (Table 5-1) was evaluated 
using a simple F-test with two-sample variance (neurites aligned and neurites not aligned) 
with a = 0.05. The confidence interval was calculated for independent samples (Ott, 1993; 
Appendix A-5). 
Neurons were successfully seeded onto films coated with laminin. Initially, 100 pg 
laminin per ml PBS was coated onto the substrates. When increasing the concentration to 
Figure 5-32 - SYT023 labeled Schwann cells aligned in the grooved region 
(left of arrow) but randomly oriented in the smooth region (right of arrow). 
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Table 5-1 -Neurite Alignment" and Elongation6 on Solvent Cast Films 
Pattern (pm) Polymer Laminin Alignment® Elongation® 
(jig/ml) (%) (tun/day) 
l O x  l O x 3  PDLA 0 88 ±1 21 ±4 
1 0  x  1 0 x 3  PDLA 200 77 ±1 -
1 0 x 2 0 x 3  PDLA 200 70 ±1 -
10 x 10 x4 PDLA 0 86±1 21 ±3 
10 x 10 x 4 PDLA 200 92 ±1 56 ±5 
l O x  1 0 x 4  PDLA 1000 93 ±1 -
10 x 20 x 4 PDLA 200 84 ±1 43 ±8 
10 x 20 x 4 PDLA 1000 90 ±1 64 ±7 
1 0 x 2 0 x 4  PLGA 200 88 ±1 85 ±16 
10 x 20 x 4 PLGA 1000 94 ±1 91 ±20 
Smooth6 PLGA 200 36 ±1 -
Smooth6 PDLA 0 28 ±1 42 ±12 
Smooth1* PDLA 100 23 ±1 128 ±27 
a N = 18 and reported as standard error 
b Aligned to chosen major axis 
c Reported as standard error 
200 ng laminin/ml PBS, neurite alignment was improved (Figures 5-33 & 34). The 
alignment of neurites on smooth substrates was defined in the same manner as that of the 
Schwann cells. Increasing laminin concentration improved neurite alignment at a 95% 
confidence level for 0-200 pg laminin and 200-1000 |ig laminin except from 200-1000pg 
laminin on the 10 pm groove width by 10 pm groove spacing (Figure 5-35). The difference 
was due to groove spacing where the 'flow effect' of the cells with the grooves was stronger 
Figure 5-33 - Neurites aligned on a laminin coated 10 x 10 x 3 pm PDLA film. 
Figure 5-34 - (a) Neurites growing randomly on smooth (left side) and aligned 
on the groove (right side). 
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- Effect of laminin concentration on neurite alignment - (B) represents PDLA and (1) 
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on the narrowly spaced 10 pm pattern than on the wider 20 pm spacing where laminin 
concentration from 200-1000 pg significantly improved alignment. On smooth substrates, 
alignment along a preferred axis decreased because of greater neurite outgrowth in random 
directions. 
The best neurite alignment occurred on films with groove depths of 4 pm (Figure 
5-36) showing that deeper grooves were crucial to neurite alignment unlike Schwann cells. 
Also, a groove spacing of 10 pm proved best for neurite alignment at a 95% confidence level 
due to the 'flow effects' (Figure 5-36). 
Polymer type significantly affected neurite alignment at a 95% confidence level 
(Figure 5-37). PLGA improved neurite alignment over PDLA but the mechanism for the 
difference was not clear. Polymer type also affected neurite elongation on PLGA coated 
with 200 pg laminin at a 80% confidence level (Figure 5-38). This increase in elongation 
probably occurred because PLGA was a less hostile environment compared with PDLA. A 
laminin concentration of 1000pg/ml did not improve elongation because PLGA already 
promoted good growth cone locomotion. 
Neurite outgrowth improved with an increase in laminin concentration (Table 5-1) at 
a 95% confidence level from 0-200 pg/ml but not from 200-1000pg/ml (Figure 5-39). The 
neurites elongated (pm/day) 21 ±3 for PDLA without laminin, 56 ±5 for PDLA with 200 
pg/ml and 64 ±7 for 1000 pg/ml. PLGA did exhibit a large variation in the standard error 
probably due to a faster degradation of the polymer which made elongation vary widely. 
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The smooth PDLA film with laminin did have more outgrowth than the grooved 
films. This was most likely due to a slight decrease in growth cone locomotion due to the 
physical guidance. The proposed mechanisms that cells use to detect topography involves 
the cytoskeleton which causes the growth cone to become more sensitive as the density of 
cues increases (Clark, 1996). Following this postulate, the neurite elongation on smooth 
films would be greater than on grooved films. However, since alignment on grooved films 
was better, growth along a desired direction was faster on grooved substrates. 
Laminin also had the added benefit of improving neuron adhesion 5 times. Axons 
exhibit a high degree of selectivity in the recognition of guidance cues. Developing axons 
use adhesive cell contact between the growth cone and cell adhesion molecules mediating 
interactions between the cell surface and extracellular matrix molecules (Kandel et al., 1995). 
Laminin acts as a cell adhesion molecule and also provides chemotropism by binding 
chemical factors like nerve growth factor to the substrate surface orienting neurite outgrowth. 
5.5.2.3 Whole DRG The whole DRG provides controlled placement of cells that the 
dissociated DRG cells do not provide. Dissociated DRG cells provide insight into individual 
cell behavior with respect to chemical and physical guidance cues and enable elongation 
measurements while whole DRG better represent neurite behavior after a nerve has been 
transected. By removing the sheath, the regenerating neurite grew away from the mass of 
cells and align with the grooves (Figure 5-40a & b). Whole ganglion also shed Schwann 
cells which help to promote neurite outgrowth. The Schwann cells migrate out of the 
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Figure 5-40 - (a) Neurite (arrows) exiting a whole ganglion and turning to grow 
along a groove (4 x 100 x 2.3 PDLA). (b) Higher magnification of neurite 
following groove. 
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ganglion and align with the grooves but were randomly organized in the smooth substrate 
region (Figure 5-41). 
5.6 Simultaneous Seeding 
Simultaneous seeding of neurons on laminin coated micropattemed films with 
Schwann cells incorporates physical, chemical and cellular guidance cues to enhance neurite 
alignment and outgrowth promoting faster and more direct axon regeneration. This 
cooperative interaction between Schwann cells and neurons is mediated by the physical 
effects of the grooves and the chemical cues from the laminin. 
5.6.1 Double labeling 
Live staining of the Schwann cells with SYT023 and the neurons with Dil helped to 
differentiate between cell types. Although, some Schwann cells were present in the 
dissociated DRG cells, the Schwann cells seeded from primary cultures were labeled so that 
the nuclei fluoresced green and the neurons fluoresced red. Double labeling of the cells 
allowed for the collection of more accurate neurite alignment and elongation data. Figure 
5-42 shows a 'same location image' of Schwann cell nuclei fluorescing green and neurons 
fluorescing red. Some of the neuron cell bodies were labeled by diffusion with SYT023 and 
fluoresce yellow and the Dil diffuses into Schwann cells and makes them appear dim 
speckled red. 
The neurons did require repeated labeling with Dil after a few days in culture to 
highlight the neurites. After relabeling with Dil, the alignment of the Schwann cells and 
neurites showed the synergistic effects of the grooves and the Schwann cells (Figure 5-43). 
Figure 5-41 - Schwann cells migrating from a whole ganglion adhered to quartz 
die. The Schwann cells align in the groove region and randomly organize in the 
smooth area. 
Neurotag Green was initially tested for the fluorescent labeling of live neurons. After 
a titration was accomplished to determine a suitable solution concentration of 5 ng/ml and 
the duration of incubation of 45 minutes, the stain was used to label only the neurons. 
By staining only the neurons, it would have been possible to distinguish between neurites and 
elongated Schwann cells without the cross diffusion that occurs with Dil and SYT023. 
During the staining process, more than half of the neurons detached from the 
substrate. In order to provide a substrate with better adhesion, the substrates were coated 
with various proteins to improve adhesion. Laminin (200 ng/ml PBS), poly-L-lysine 
160gg/ml PBS) and fibrinogen (10 ng/ml PBS) were adsorbed onto the PDLA substrate for 
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Figure 5-42 - Laminin coated (200 pg/ml) 10 x 10 x 4 |im PDLA with (a) SYT023 
labeled Schwann cells and (b) Dil labeled neurons. 
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Figure 5-43 - Half smooth (top) and half 10 x 20 x 3 |im pattern with ReDil 
neurons and Schwann cells showing non-aligned and aligned cells, respectively. 
5 hours. The excess fluid was removed and then neurons were seeded on the substrates. 
After 36 hours, the cells were labeled with Neurotag. Unfortunately, coating the substrates 
did not improve adhesion in the presence of Neurotag Green. The cells remaining on the 
substrates after labeling were monitored for 7 days and no additional growth was evident. 
Although the Neurotag Green stained the neurons, this method did not provide uniform 
results nor allow for monitoring of the live neurons during growth. 
5.6.2 Fixed staining 
Labeling the neurons using immunohistochemistry required that the cells be 
structurally reinforced. The cells were fixed with 4% paraformaldehyde and then labeled. 
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Labeling the fixed neurons with neurofilament protein definitively differentiates between 
Schwann cells and neurons (Figure 5-44). 
5.6 J Alignment 
In all cases when Schwann cells and neurons were seeded together, excellent 
alignment along the grooves was observed (Table 5-2). Seeding neurons on the laminin 
coated Schwann cell seeded films significantly improved neurite alignment at a 95% 
confidence level compared to the coated films without Schwann cells (Table 5-1). Neurites 
seeded with Schwann cells aligned 95±2% on laminin (200|jg/ml) coated 10 x 10 x 4 pm 
PDLA while neurons seeded alone aligned 93±2%. Simultaneous seedings on shallower 
grooves of 3 pm did show considerably better alignment than neurons without 
Figure 5-44 - Neurons labeled using immunocytochemistry and Schwann cells 
counter stained with hematoxylin. 
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Table 5-2 - Neurite Alignment® and Elongation11 with Schwann Cells 
Pattern 
(Mm) 
Polymer Laminin 
(Hg/ml) 
Alignmenta 
(%) 
Elongation 
(pm/day) 
1 0  x  1 0 x 3  PDLA 200 98 ±1 82±15 
1 0 x 2 0 x 3  PDLA 200 97 ±1 81±17 
1 0  x  1 0 x 4  PDLA 200 95 ±1 108±43 
10 x 20 x 4 PDLA 200 95 ±1 106±31 
a N = 18 and reported as standard error 
b Reported as standard error 
Schwann cells (Figure 5-45). This improvement in alignment was important because as the 
groove depth decreases due to degradation, the Schwann cells provided guidance cues that 
maintain neurite alignment. 
The aligned Schwann cells significantly improve neurite outgrowth after 2 days at a 
90% confidence level (Figure 5-46). The neurites experienced elongation rates similar to 
rates previously documented (77 |im/day during initial growth) due to biological cues 
expressed by the Schwann cells (Torigoe et al., 1996). Although neurite growth cone 
sensitivity increases with increases in guidance cues (Clark, 1996), the neurite elongation 
was not slowed. These findings reinforce the idea that Schwann cells enhance the 
environment that promotes the best neurite regeneration. 
Simultaneous seeding of Schwann cells and neurons on compression molded 
substrates were examined to monitor cell behavior with accelerated degradation of the 
substrate. As stated in section 5.1, the topography of a 3 pm deep pattern was almost 
completely eliminated after 7 days in solution. Therefore, cells were seeded on these 
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Figure 5-45 - Effects of Schwann cells on neurite alignment - (O) represents substrates without Schwann cells 
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substrates to see if the cells continued growing in the same direction even after the grooves 
degrade. Figure 5-47a shows a clouding of the substrate after 2 days in medium but 
fluorescent microscopy highlights the Schwann cells and neurons (Figure 5-47b) showing 
aligned cells. After 5 days in medium, cells were not visible on the substrate surface using 
light microscopy due to clouding caused by hydrolysis (Figure 5-48a). But fluorescent 
microscopy shows that the cells have not detached because of erosion of the polymer (Figure 
5-48b) and the cells continue to align in the direction of the grooves even after the grooves 
have disappeared. 
These findings suggest that cells in vivo will have continued physical influence 
promoting cell alignment even as the film degrades. This seems to be due to the effects of 
seeding Schwann cells and neurons simultaneously. The Schwann cells form columns and 
promote orientation even after the grooves disappear. In contrast, as seen in Figure 5-41, the 
Schwann cells, and thereby the neurites, do not continue to align in the absence of grooves 
when no Schwann cells were pre-seeded. Therefore, it is not just the individual cues but a 
combination of different cues that are required for enhanced guided growth of the 
regenerating neurons. 
The combination of physical, chemical and biological cues was successfully 
optimized to enhance neurite alignment and outgrowth on polymer films in vitro. These 
modifications can be implemented into an in vivo experiment to facilitate peripheral nerve 
regeneration. 
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Figure 5-47 - Laminin coated (200 pg/ml) 10 x 10 x 1.9 nm PDLA (a) light 
microscopy view and (b) Dil labeled neurons and Schwann cells 50 hours 
after seeding. 
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Figure 5-48 - Laminin coated (200 pg/ml) 10 x 10 x 1.9 |im PDLA (a) light 
microscopy view and (b) Dil labeled neurons and Schwann cells 120 hours 
after seeding. 
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6. CONCLUSIONS 
Biomimetic strategies were employed to try to promote and accelerate directional 
nerve growth in vitro to aid peripheral nerve regeneration in vivo. A combination of 
physical, chemical and biological cues involving micropattems, laminin and Schwall cells 
was used on biodegradable polymers. This approach mimics the processes occurring in vivo 
during peripheral nerve regeneration where endoneural tubes provide physical guidance, 
laminin provides chemical cues and Schwann cells provide biological cues. 
The biodegradable polymers, poly(DL-lactide) and 85/15 poly(lactide-co-glycolide) 
were used for fabricating micropatterned compression molded substrates and solvent cast 
films. The quartz dies and silicon wafers used to imprint the micropattems onto these 
polymer substrates were made by utilizing conventional lithographic methods and then 
etched by reactive ion etching. Alternative etching methods such as atomic force microscopy 
and laser ablation to directly etch these films were also explored. 
The compression molded substrates were imprinted with micropattems ranging from 
4 to 20 pm in groove width and 20 to 100 |im groove spacing. Patterns of 10 x 10 ^im and 10 
x 20 pm were found to provide the best Schwann cell and neurite alignment. While groove 
width and spacing were important for alignment of Schwann cells, groove depth was critical 
for neurite alignment. 
Adhesion was significantly improved on the patterned substrates by adsorbing 
laminin selectively into the comers of the grooves providing an area of better adhesion for 
the Schwann cells to align and neurite growth cone to advance. Since laminin is a 
component of the ECM, it also provides chemotrophism by the recruitment and binding of 
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trophic factors to the ECM so they can be accessible to the tips of elongating axons (Gilmore 
and Sims, 1995). 
The laminin coated micropattemed polymer substrates and films were seeded with 
purified Schwann cells, dissociated DRG cells, whole DRG and both Schwann cells and 
dissociated DRG cells. The chemical cues from the laminin and the physical guidance 
provided by the grooves caused 100% of the Schwann cells to align on patterns with groove 
depths ranging from 1.5 - 3.3 gm. 
The neurons required deeper groove depths of 3 and 4 pm for the best neurite 
alignment. The presence of laminin significantly improved neurite adhesion and outgrowth. 
10 pm groove spacing provided better alignment with lower laminin concentrations due to 
the closeness of the grooves promoting a 'flow effect' on the cells. 
Neurites did experience greater elongation on smooth substrates than on grooved 
substrates. One possible explanation was that neurite outgrowth was slowed while the 
growth cone investigated physical and chemical guidance cues. Another possibility was that 
the fine process of the neurite was not as visible on grooved substrates as on the smooth 
substrates and the neurite was not measured to the tip of the growth cone. 
Simultaneously seeding Schwann cells with the neurons significantly increase neurite 
alignment. Effect of Schwann cells on neurite alignment was greater on the shallower 
grooves. Therefore, Schwann cells maintained alignment of neurons over time even though 
the physical effects of the grooves were diminished by degradation. Simultaneous seeding 
did notably improve neurite elongation compared with cultures with only neurons. 
Therefore, by combining directed neurite alignment with faster extension rates, neurites can 
be prompted to regenerate faster. 
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These results show that the production of uniform patterned substrates coated with 
laminin and seeded with Schwann cells is key to promoting fast and the most direct nerve 
regeneration in vitro. By utilizing physical, chemical and cellular cues, the ability to 
manipulate neurite outgrowth at the cellular level does enhance guided peripheral nerve 
regeneration in vitro. It is the combination of these cues, rather than individual cues that 
seem to have a maximum effect on guided accelerated outgrowth of neurites. The insight 
gained from the creation of "intelligent" substrates and controlling neurite outgrowth at the 
cellular level has possible applications in guided nerve regeneration with conduits. By 
inserting a rolled micropattemed film into a conduit, in vivo studies can be accomplished 
leading to improved conduit technology to promote faster and more direct reinnervation after 
a peripheral nerve transection. 
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7. FUTURE WORK 
The production of micropatterned solvent cast biodegradable polymer films with 
chemically modified surfaces can be used for many applications. These films are pliable and 
can be easily adapted by changing the shape, thickness and pattern. Various polymers can be 
used and the surface can be modified to suit specific cell types. 
Current micropatterned PDLA films modified with laminin have been rolled into 
tubes and inserted into porous conduits for implantation (Figure 7-1). Although conduits 
have been used to promote peripheral nerve regeneration, none have been constructed with 
additional cues providing a combination of physical, chemical and biological cues at the 
cellular level to enhance guidance and outgrowth. Since basal lamina is not present on 
polymer films and localized secretion of NGF would be difficult to mimic, seeding Schwann 
cells in the conduits helps to simulate the natural regenerative environment. This experiment 
mirrors the natural regenerative environment by providing physical guidance similar to the 
neurolemma, and exerts both trophic and tropic chemical and biological influences on the 
elongating neurites. 
Directing neurite outgrowth has other advantages. If neurites can be directed to 
consistently grow to specific locations, neurons could be used to form an interface between 
biological and non-biological systems like microchips. Researchers at the Wilmer Eye 
Institute at Johns Hopkins University have developed an implantable electronic retinal 
prosthesis with electrically elicited neural responses. Rather than using extensive non-
biological interfaces which can elicit an immune response, our patterned conduits can be 
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Figure 7-1 - Inserting a micropatterned film into conduit for peripheral nerve implantation. 
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tested to interface directly between the optic neurons and retinal prosthesis minimizing 
rejection of the prosthesis. 
The development of this intelligent micropatterned chemically modified substrate that 
provides cell adhesion, outgrowth and guidance at the cellular level has unlimited potential. 
The biodegradable polymer erodes in the body eliminating a second surgery for implant 
removal and causes minimal immune response. The degradation can be tailored by 
fabricating the film with a copolymer that will maintain its topography to promote physical 
guidance and then completely degrade. The film surface can be patterned for specific cell 
types and chemically enhanced to promote specific cellular behavior. The thickness and 
shape of the film can also be adjusted depending on implant specifications. 
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APPENDIX 
Substance Source Item Number 
Anti-thyl.l hybridomas American Type Culture Collection, 
Rockville, MD 
T11D7E2 
Basal Medium Eagle Sigma Chemical Co., St Louis B2900 
Bovine Serum Albumin Sigma Chemical Co., St Louis A4161 
Chicken Plasma Sigma Chemical Co., St Louis P3266 
Collagenase, Type I,CLS-1 Worthington Biochemical, Lakewood NJ N/A 
Cytosine-S-arabinocide 
DiIC|g(3) Molecular Probes, Eugene OR D282 
Dulbecco's Modified Eagle 
Medium, high glucose 
Gibco BRL 31600034 
Earle's Balanced Salt 
Solution 
Sigma Chemical Co., St Louis E7510 
Fetal Bovine Serum Nova-Tech, Grand Island NE 15-167 
Fibrinogen Sigma Chemical Co., St Louis F6755 
Forskolin Sigma Chemical Co., St Louis F6886 
Gentimicin Sigma Chemical Co., St Louis G1272 
Gey's Balanced Salt Solution Gibco BRL 24030033 
Halothane Sigma Chemical Co., St Louis H169 
Hanks' Balanced Salt 
Solution 
Sigma Chemical Co., St Louis H6136 
Heregulin-Bl (EGF Domain) R & D  S y s t e m s  396-HB 
Horse Serum Sigma Chemical Co., St Louis HI 138 
IBMX Sigma Chemical Co., St Louis 17018 
Laminin Sigma Chemical Co., St Louis L2020 
Nerve growth factor - 3 Sigma Chemical Co., St Louis N2513 
Neurotag Green Boehringer Mannhein, Indianapolis 1 466 6661 
Nystatin Sigma Chemical Co., St Louis M3503 
Phosphate Buffered Saline Sigma Chemical Co., St Louis P3813 
Poly-L-lysine Sigma Chemical Co., St Louis P 
Rabbit Serum Complement Sigma Chemical Co., St Louis S7764 
SYT023 Molecular Probes, Eugene, OR S-7558 
Thrombin Sigma Chemical Co., St Louis T4393 
Trypisin 1:250 Sigma Chemical Co., St Louis T8003 
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